How does antifreeze protein stop ice nucleation? by DU NING
  



















































A THESIS SUBMITTED 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 
DEPARTMENT OF PHYSICS 






First and foremost, I want to sincerely thank my supervisors, Professor Xiang-Yang 
Liu and Professor Janaky Narayanan, without whom this work would not have been 
possible. Thank you so much Professor Liu, your clear view of science and kind 
hearted nature made our lab an exceptionally pleasant, creative and exciting place to 
work. It is truly my pleasure to have been part of it all. Thank you so much for your 
valuable guidance and continuous encouragement throughout my research. Professor 
Narayanan, thank you so much for providing me with excellent advice and 
enthusiastic supervision that have helped me extend my knowledge in many fields. 
Your enormous contributions towards helping me learn biophysics and developing 
many of the ideas and experiments inspired me in many ways.   
I take this opportunity to express my gratitude to Professor Christina Strom who has 
contributed more than she can imagine to this thesis. I owe much to her for helping 
me throughout the period of my research by providing advice, support and editing the 
papers and this thesis. I would also like to express my sincere gratitude to Dr. Claire 
Lesieur for giving me a lot of advice and practical instruction in biology.  
I am also very grateful to Professor Zongchao Jia and Professor Hew Choy Leong for 
kindly providing us with the precious antifreeze proteins and scientifically productive 
discussions that form the basis for a large chunk of this thesis.  
I also gratefully acknowledge the help and support of all my fellow lab mates, past 
and present, who have spent countless hours of insightful discussion. I am pleased to 
 i
thank all of you, Yanwei, Keqin, Huaidong, Huiping, Zhang Jing, Prashant, Dawei, 
Junying, Junxue, Jingliang, Perry, Junfeng, Liu Yu, Rongyao, Yanhua, Caide, 
Tianhui and Zhou Kun. Special thanks are due to Mr. Teo and Eric for their support 
and help throughout my research work, as well as many other close friends that could 
not fit in the available space. I would like to thank those closest to me, whose 
presence helped me to complete my graduate work and made me feel at home, I 
extend them my deepest appreciation. 
My mother has been an inspiration throughout my life. She has always supported my 
dreams and aspirations. I would like to thank her for all that she means to me, and all 
she has done for me. Also I want to thank my beloved father and sister for their love, 
encouragement and support they have given me during my years of schooling. 
Finally, I would like to say thank you to my husband, whose constant support and 
encouragement got me through the toughest part of this work.  
 
 ii
TABLE OF CONTENTS 
 
ACKNOWLEDGEMENTS                                                                                         i 
SUMMARY                                                                                                                 vi 
LIST OF TABLES                                                                                                    viii 
LIST OF FIGURES                                                                                                    ix 
NOMENCLATURE                                                                                                   xv 
 
CHAPTER 1. INTRODUCTION                                                           1  
    1.1 Freezing and Antifreeze Processes                                                             1 
1.1.1. Freezing in Nature                                                                               1 
1.1.2 Antifreeze Action in Biological Systems                                            3 
1.2 Antifreeze Proteins                                                                                       5 
1.2.1. Diversity in Antifreeze Proteins                                                          5 
1.2.2 Applications of Antifreeze Proteins                                                    9 
1.3  Overview on Antifreeze Mechanism of Antifreeze Proteins                  13 
1.3.1    General Features of Antifreeze Proteins                                          13 
1.3.2    The key challenges in antifreeze mechanism by antifreeze proteins                                
                                                                                                                         17 
         1.4 Objectives                                                                                                    20 
1.5 Scope and Summary                                                                                   21 
 iii
CHAPTER 2. EXPERIMENTAL TECHNIQUES                         22 
          2.1 Micro-sized Ice Nucleation Technique                                                    22 
          2.2 Applied Techniques                                                                                   24 
              2.2.1 Dynamic Light Scattering                                                                  24 
              2.2.2 Tensiometer                                                                                         28 
              2.2.3 Zetasizer                                                                                               30 
              2.2.4 Fluorescence Spectrophotometer                                                      33 
CHAPTER 3. PRINCIPLES OF FREEZING AND ANTIFREEZE 
PROCESSES                                                                                          37 
         3.1 Principles of Ice Nucleation                                                                        37 
             3.1.1 Structure of Ice                                                                                     37 
             3.1.2 Ice Nucleation Kinetics                                                                        44 
                3.1.2.1 Thermodynamic Driving Force                                                    44 
                3.1.2.2 Nucleation Barrier                                                                         45 
                3.1.2.3 Kinetics of Ice Nucleation: The Influence of Foreign Particles 52 
         3.2 Freeze Effect of Some Additives                                                                72 
             3.2.1 Hydroxyapatite                                                                                     72 
             3.2.2 Lysozyme                                                                                              76 
         3.3 Antifreeze Effect of Antifreeze Proteins                                                   79 
              3.3.1 Type III Fish Antifreeze Protein                                                       79 
              3.3.2 Type I Fish Antifreeze Protein                                                           84 
              3.3.3 Spruce Budworm Antifreeze Protein                                                87 
          3.4 Summary                                                                                                     89 
 
 iv
CHAPTER 4. AGGREGATION OF ANTIFREEZE PROTEINS 
AND THE CORRELATION TO ANTIFREEZE KINETICS          90 
         4.1 Introduction                                                                                                 90 
4.1.1. The role of hydrophobic groups of AFP III on protein-ice            90 
             interactions 
4.1.2. Amphiphilic Nature of Proteins                                                        92 
         4.2 Aggregation of AFP III Detected by Multiple Techniques                     94 
  4.2.1    Surface Tension Measurement                                                         94 
   4.2.2    Dynamic Light Scattering                                                                 96 
4.3 Correlation of Aggregation to Antifreeze Kinetics                                  97 
         4.4 Summary                                                                                                    104 
CHAPTER 5. THE ROLE OF ELECTROLYTE ON ANTIFREEZE 
ACTIVITY OF ANTIFREEZE PROTEINS                                     106 
         5.1 Introduction                                                                                               106 
            5.1.1   Electrolyte Content in Fish Blood                                                   106 
            5.1.2   The adsorption behavior of AFP III modified by electrolytes     108 
         5.2 The Effect of Ca(NO3)2 on the Interaction between AFP III Molecules                            
               and the Unfolding of AFP III                                                                   110 
  5.2.1    Surface Tension Measurement                                                       110 
   5.2.2    Zeta Potential Measurement                                                           112 
   5.3.3    Fluorescence Emission                                                                     113 
        5.3 The Role of Electrolyte on Antifreeze Activity of Antifreeze Proteins 115 
        5.4 Summary                                                                                                     121 
CHAPTER 6. CONCLUSIONS                                                          122 




Antifreeze Proteins (AFPs), occurring in some polar animals and plants, are capable 
of inhibiting ice freezing at subzero temperatures. The application of AFPs can be 
found in medicine and industry where low temperature storage is required and ice 
crystallization is damaging. This includes improved protection of blood platelets and 
human organs at low temperature, increasing the effectiveness of the destruction of 
malignant tumors in cryosurgery, and improvement of the smooth texture of frozen 
foods. Previous studies on AFPs are mainly focused on the modification of the crystal 
morphology of ice and the inhibition of ice crystal growth in terms of the adsorption 
of antifreeze protein molecules on some specific surfaces of ice. In this study, we 
examine the effect of AFPs on the initial and key stage of ice crystallization, i.e. ice 
nucleation, which was neglected in most studies. The effect of AFP III on ice 
nucleation was examined based on a “micro-sized ice nucleation” technique. 
Techniques such as Dynamic Light Scattering, Size Exclusion Chromatography and 
Surface Tension Measurement etc., are also applied to examine the assembly and 
aggregation of AFPs in the bulk and at the surface of water. It follows from our 
experiments that at the microscale, the volume effect exerts a large influence on 
nucleation kinetics. Antifreeze proteins can inhibit the ice nucleation process by 
adsorbing onto both the surface of ice nuclei and dust particles, which leads to an 
increase of the ice nucleation barrier and the desolvation kink kinetics barrier, 
respectively. We also examined the impact of AFP aggregation and electrolyte on the 
antifreeze mechanism of AFPs.  It was found that the antifreeze activity of AFPs can 
 vi
be enhanced either by their aggregation at higher concentration or by adding 
electrolyte into AFP solutions. The promotion in antifreeze activity is attributed to the 
optimal packing of AFP III molecules on the surface of the ice nuclei at or above the 
Critical Aggregation Concentration (CAC), and the screening effect of electrolyte on 
the surface charge of AFP molecules, respectively. This study enables us to obtain a 
comprehensive understanding on the antifreeze mechanism of AFPs for the first time. 
It will hopefully shed light on the understanding of antifreeze phenomenon by AFPs 
and the identification of effective antifreeze agents.  
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1.1  Freezing and Antifreeze Processes 
 
1.1.1 Freezing in nature 
The experience gained from the search for water on Mars confirms the well known 
fact that the life on planet Earth depends for its existence on the abundance of water 
and ice, and on the prevailing temperature which enables all phases of water to be 
present in significant quantities. At present the oceans cover 70% of the globe, and 
10% of the land mass is covered with ice to depths of up to several kilometers.  
 
Figure 1.1 Northern Hemisphere Snow Cover and Sea Ice Extent (data from National Snow and Ice 
Data Centre) 
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The favourable conditions for mankind at the present time depend on two delicately 
balanced equilibria. The first is that between the radiation received from the Sun and 
that reflected or re-radiated from the earth. The resulting global average temperature 
is highly sensitive to the amount of snow, ice, and cloud cover. The second 
equilibrium concerns the evaporation of water from the oceans, leading to snowfall 
over the polar regions and subsequent flow of the ice sheets back into the oceans. Our 
environment is thus critically dependent on the properties of ice both as regards the 
meteorology of cloud formation and the rheology of ice sheets (Petrenko et al. 1999). 
The properties of ice depend strongly upon the freezing process.  
In the winter, snow and ice present hostile conditions for modern society, disrupting 
transport, causing damage by freezing pipes and ground, and producing icing of 
aircraft, ships and power lines. In the summer ice is important for the preservation of 
food, and its presence in the atmosphere is essential to the production of rain; it is the 
collision of ice particles in clouds that generates thunderstorm electricity. Therefore, 
freezing is a widely occurring phenomenon in nature and has a great impact on our 
lives.  
In addition, it is noticeable that in our ecological system, freezing occurs in micro-
sized water droplets, ranging over different forms of ice crystals. In cirrus and 
orographic wave clouds, the size of highly supercooled water droplets is about 10–
800 µm. Micro-ice crystallization occurs differently in the various cloud processes, 
such as rainfall, hail, and cloud electrification, carrying significant implications for 
climatic systems (Rosenfeld et al. 2000). 
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1.1.2 Antifreeze action in biological systems 
Water is the solvent of all biological systems, and the necessity of maintaining a 
liquid state at the cellular level for life is obvious. For poikilotherms, the limits of 
cellular function and life are set by the temperatures at which phase changes of water 
occur. At the lower end it is 0°C, the freezing point of water, or the freezing point of 
the body fluids of the organism, which is slightly lower than 0°C.  
The antifreeze phenomenon has intrigued biologists and attracted their attention in a 
wide range of disciplines. Plant physiologists and crop scientists found it relevant 
because of the importance of frost-sensitivity for agriculture. Frost injury is primarily 
due to the formation of ice in plant tissues at subzero temperatures. Methods of 
preventing frost injury have received considerable attention since frost causes losses 
in both yield and quality of crop, which can have a dramatic effect on the economy of 
a country. The antifreeze capacity also governs the winter survival of some 
ectothermic animals. The polar oceans and the near-shore of north temperate oceans 
during winter are at the freezing temperature of seawater (-1.9°C) while the freezing 
point of a typical marine teleost is about -0.7°C (Scholander et al. 1957).  
 
Figure 1.2 The fish living in the polar oceans (T = -1.9°C) exist under the threat of freezing 
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It seems that fish would freeze in these waters. However, these waters support an 
extensive fish fauna. Some fish from these cold water regions prevent freezing by 
behavioral adaptations, either migrating to warmer (+1°C) off-shore waters during the 
winter, or remaining in the deep water (>100m). The permanent inhabitants of the 
shallow waters, however, are able to prevent freezing because of the presence of 
endogenous “antifreeze” substances. These antifreeze substances were later found to 
be proteins and named “antifreeze proteins”. 
Insects and certain other terrestrial arthropods are arguably the most cold-tolerant 
animals known. This is especially true of species from polar, alpine, and continental 
subarctic regions such as the interior of Alaska, where these organisms are routinely 
exposed to temperatures of -50 to -70°C, or lower (Ring et al. 1982). Even in more 
temperate environments less extreme subzero temperatures are common, and the 
frequent freeze-thaw cycles associated with these areas may be problematic. For some 
species, selection of a thermally buffered overwintering microhabitat is an important 
adaptation that usually removes the organism from exposure to the most extreme air 
temperatures. However, the physiological adaptations are still generally essential to 
overwintering success. There are two types of adaptation mechanism: antifreeze 
tolerance (the ability to survive body fluid freezing) and antifreeze avoidance (the 
ability to prevent freezing). It is suggested that these organisms have evolved multiple 
means of achieving either freeze tolerance or freeze avoidance, one of which is to 
produce antifreeze proteins.  
As in meteorology, freezing in biological systems occurs in a similar range of 
conditions, since water droplets existing inside and outside cells are of micro-size 
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(1~1000 µm). Thus examining ice crystallization in micro-sized water droplets is 
necessary for obtaining physical insight into freeze and antifreeze processes within 
plants and animals. 
 
1.2  Antifreeze Proteins 
Antifreeze proteins (AFPs), also known as thermal hysteresis proteins, lower the non-
equilibrium freezing point of water while not significantly affecting the melting point. 
Thus they produce a difference between the freezing and melting points, which has 
been termed “thermal hysteresis”. The magnitude of this characteristic thermal 
hysteresis activity is dependent upon the specific activity and concentration of the 
particular AFP. 
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1.2.1  Diversity in antifreeze proteins                                                                    
Scholander (1957) and DeVries (1969) were the first to investigate the mechanism of 
antifreeze proteins, by means of identifying which species of fish inhabiting the polar 
oceans at temperatures that are frequently below that of the freezing point of pure 
water, are able to survive. Analysis of the blood plasma of these fishes showed that 
while the concentrations of salts and small ions in the body fluids are somewhat 
higher, as compared to fish in temperate waters, these salts are responsible for only 
40-50% of the observed freezing point depression. The remainder of the protective 
effects was attributed to the presence of a series of proteins.                                                                         
Antifreeze proteins (AFPs) and antifreeze glycoproteins (AFGPs) have since then 
been identified in the body fluids of many species of polar fish. Four classes of 
structurally diverse fish AFPs, classified as type I (Duman et al. 1974), type II (Ng et 
al. 1986), type III (Jia et al. 1995) and type IV (Deng et al. 1997) have now been 
identified along with a single class of glycosylated protein denoted AFGP (DeVries 
1971).  
Although AFPs were first discovered in fish, the phenomenon of thermal hysteresis 
was initially observed by Ramsay in larvae of the beetle Tenebrio molitor (Ramsay 
1964) during his classic investigation of the physiology of the cryptonephridial rectal 
complex. AFPs have also been identified in several other terrestrial arthropods 
including spiders (Duman 1979), mites (Block et al. 1989), and centipedes (Tursman 
et al. 1994). AFPs have been identified, often based on their thermal hysteresis 
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activity, in over 40 species of insects. Among the insects, 65% of the known AFP-
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Figure 1.4 AFP structures and their distribution in fishes. (A) (i) Atlantic herring (Clupea harengus 
harengus), (ii) American smelt (Osmerus mordax), (iii) sea raven (Hemitripterus americanus), (iv) 
longhorn sculpin (Myoxocephalus octodecimspinosus), (v) shorthorn sculpin (Myoxocephalus 
scorpius), (vi) winter flounder (Pleuronectes americanus). (B) (vii) Dissostichus mawsoni, (viii) Arctic 
cod (Boreogadus saida), (ix) ocean pout (Macrozoarces americanus), (x) Lycodichthys dearborni.  
(Fletcher et al. 2001) 
 
Table 1.1 Diversity of fish AF(G)Ps  (Harding et al. 2003) 
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Recently, AFPs have been shown to be also common in plants (Urrutia et al. 1992), 
fungi, and bacteria (Duman et al. 1993). Most AFP-producing terrestrial arthropods 
are freeze avoiding. However, some of the AFP-producing arthropods, and probably 
all the plants, are freeze tolerant. The function of the AFPs in these organisms is less 
obvious, although the AFPs appear to function as cryoprotectants to inhibit freeze 
damage. 
As discussed above, AFPs have an appeal to scientists for they can be found in many 
life forms – fish, bacteria, fungi, plants, insects, and vertebrates that encounter, or are 
in danger of encountering, freezing conditions in nature. The discovery of AFPs 
opened up a fascinating and exciting field of research which has been explored in 
many disciplines, from ice physics to chemistry, from molecular biology to 
physiology, and from fishery oceanography and ecology to evolutionary biology. 
1.2.2 Applications of antifreeze proteins 
Antifreeze proteins, in contrast to many solutes, kinetically depress the temperature at 
which ice grows in a noncolligative manner, and hence exhibit thermal hysteresis. 
This property allows fish to survive in subzero waters at temperatures colder than the 
equilibrium point of their blood and other internal fluids. These versatile properties 
have attracted significant interest for their potential applications in medicine and 
industry, where low temperature storage is required and ice crystallization is 
damaging. Applications include improved protection of blood platelets and human 
organs at low temperature, increasing the effectiveness of the destruction of 
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malignant tumors in cryosurgery, and improvement of the smooth texture of frozen 
foods.  
Cryopreservation  
Cryopreservation is the process of cooling and storing cells, tissues, or organs at low 
temperatures to maintain viability. Besides their ability to depress the blood plasma 
freezing point, all the known antifreeze protein classes have evolved to protect 
mammalian cells and organs from damage caused by exposure to hypothermic (above 
freezing) temperatures. During hypothermia metabolic functions are reduced to the 
point where active ion pumps lose their ability to balance passive ionic flow, resulting 
in a nonphysiological, damaged intracellular ion composition. The effect of the 
addition of AFGP, on the storage of pig oocytes which cannot survive hypothermic 
temperatures as high as 10 °C, was evaluated by Rubinsky (1990). Protection of the 
oocytes was monitored by measurements of the membrane potential across the 
oolemma, and it was proposed that AFGP protects the cell membranes and inhibits 
ion leakage. Later studies proposed a more detailed mechanism of cellular protection 
by both AFPs and AFGPs involving blocking of the potassium and calcium ion 
channels during cooling (Arav et al. 1994). 
Cryosurgery 
Cryosurgery, sometimes referred to as cryotherapy or cryoablation, is a surgical 
technique in which freezing is used to destroy undesirable tissues. The thermal 
processes during freezing in cryosurgery are different from the thermal processes 
during cryopreservation. In cryopreservation cells and tissues are frozen in vitro, they 
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are usually frozen in uniform conditions to very low cryogenic temperatures and are 
kept in a frozen state for long periods of time. Most importantly, they are frozen in 
the presence of chemical additives that improve survival. In contrast, in cryosurgery 
the tissue is frozen in vivo, a freezing probe or cryogen is applied to a particular tissue 
site, and the freezing domain propagates outwards from the site of application into the 
tissue. One mechanism of damage during cryosurgery is related to cell membrane 
damage during the hypertonic variations that the cells experience upon freezing and 
thawing, and with the temperature variation. It is found when the solutions eventually 
freeze in the presence of antifreeze proteins, they modify the structure of the ice 
crystals. At certain concentrations these ice crystals can become needlelike and lethal 
to cells. AFGPs and AFPs are considered to be useful in cryosurgery, because they 
enhance the destruction of solid tumors through mechanical damage to cells caused 
by the growth of needlelike ice crystals (Rubinksy 2000). 
Food Processing 
Antifreeze proteins may improve the quality of foods that are eaten while frozen by 
inhibiting recrystallization and maintaining a smooth texture. In foods that are frozen 
only for preservation, AFPs may inhibit recrystallization during freezing, storage, 
transport and thawing, thus preserving food texture by reducing cellular damage and 
also minimizing the loss of nutrients by reducing drip. Antifreeze proteins are 
naturally present in many foods consumed as part of the human diet. However, AFPs 
may be introduced into other food products either by physical processes, such as 
mixing and soaking, or by gene transfer (Griffith et al. 1995). 
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Freezing is used in several manners in the processing of food stuff. Food products 
such as ice cream, meant to be consumed in the frozen state, must be frozen in a 
manner that secures the best possible quality and texture. This requires that the ice 
should be formed as a large number of tiny ice crystals. For food products which are 
frozen for storage purposes, the thawing as well as the freezing processes are 
important. Also in this case freezing must provide a multitude of small ice crystals, 
but it is also important to prevent the formation of large ice crystals during the 
thawing phase. The use of antifreeze proteins may offer great advantages in the 
processing of both of these categories of food products. Studies of the effect of 
AFGP1-8 on the quality of frozen meat have shown reduced tissue damage due to 
freezing (Payne et al. 1994), and improved drip loss and sensory properties of thawed 
meat from lambs that had been administered AFGPs prior to slaughter. Light 
microscopy studies of the sectioned samples indicated that meat frozen in the 
presence of antifreeze proteins contained smaller ice crystals than the control samples 
frozen in the absence of proteinaceous antifreezes. Also, increased concentrations of 
antifreeze proteins lead to smaller ice crystals. But the use of antifreeze proteins at 
high concentrations (about 20mg/ml) was associated with the formation of very 
destructive ice spicules, which caused the frozen samples to be structurally more 
damaged than the control samples. Hence, in order to improve the quality of the 
frozen meat, antifreeze proteins have to be used at moderate concentrations, i.e. 
below 1mg/ml. 
The use of antifreeze proteins may offer interesting prospects also for the possible 
freeze storage of berries and fruits, but in this case the antifreeze proteins must be 
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introduced into the food stuffs by the use of special techniques, such as gene 
technologies (Zachariassen et al.1999). 
  
1.3  Overview on the Antifreeze Mechanism of Antifreeze Proteins 
In this section we provide an overview of the studies of the antifreeze mechanism of 
AF(G)Ps and point out the key challenges/problems concerning this subject.  
 
1.3.1   General features of antifreeze proteins 
Thermal Hysteresis actvity 
Colligative freezing point depression is a thermodynamic phenomenon, resulting in 
the lowering of the freezing temperature by an amount that is always proportional to 
the molar concentration of the solute molecule (such as NaCl) or molar concentration 
of the segments of a polymer (such as galactose) in solution. As a thermodynamic 
phenomenon, this effect will also fix the new temperature of melting of the solution. 
Hence there is no difference between the freezing point and the melting point in a 
colligative phenomenon. A second point of note is that the lowering of the freezing 
point is entirely species independent. The only variable is the molar quantity of the 
solute species.  
From early studies (DeVries et al. 1970) of the lowering of the freezing point by 
AFGP, it was determined that the physiological concentration of the AFGP would be 
able to depress the freezing temperature of ice by only 1/500 of its observed, actual 
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capability. Lowering the freezing temperature to -0.8 °C would require about 0.43 M 
of the solute. But the observed lowering of the freezing temperature by these 
antifreeze proteins or glycoproteins becomes manifest at concentrations of 10-3 M or 
lower. Obviously, the antifreeze action of these biological antifreeze molecules is a 
noncolligative phenomenon. All antifreeze proteins prevent ice nucleation in a non-
colligative manner, i.e. without affecting the melting point of the solution. The 
temperature at which the ice nucleation takes place is referred to as hysteresis 
freezing point or freezing point.   
 
 
Figure 1.5 Freezing temperatures of solutions of NaCl, galactose, lysozyme, a mixture of AFGP 
species, and a mixture of AFGP and NaCl as a function of solute concentration (in mg/mL) (DeVries, 
et al.1970) 
 
The adsorption-inhibition model 
The most accepted model to explain the thermal hysteresis of antifreeze proteins is 
the adsorption-inhibition model. In this model, it is believed that antifreeze proteins 
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depress freezing point by adsorbing onto the ice surface thus inhibiting ice crystal 
growth (Raymond et al. 1977; Knight et al. 1991). 
 
Figure 1.6 Illustration of how antifreeze proteins inhibit ice crystal growth according to the 
adsorption-inhibition theory (Zachariassen et al. 1999) 
 
As illustrated in Figure 1.6, the ice crystal growth is inhibited because antifreeze 
proteins adhere to the ice surface, thus restricting ice growth on the exposed ice 
surface between adjacent antifreeze molecules. The surfaces of these exposed area 
segments are more convex, such would not be the case in the absence of the 
antifreeze proteins. The convex surface has a higher free energy than ordinary ice, 
and ice growth is thus depressed to lower temperatures (Knight et al. 1991). 
The adsorption of antifreeze proteins on ice is suggested to be based on a structural 
match between certain residues on the proteins and lattice sites on the ice surface. As 
shown in Figure 1.7(a), the repeated sequences of AFP I follow a regular spacing 
between hydrophilic residues on one side of the helix. The hydroxyl groups from the 
hydrophilic amino acids match the positions of certain oxygen atoms in the ice lattice, 
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thus allowing hydrogen bonds to form between the antifreeze proteins and ice surface. 
This binding causes the ice crystal to change to a bipyramid morphology (Fig 1.7(b)).  
 
                 
Figure 1.7 (a) Binding of type I AFP to ice. Type I AFP, represented by the green helix with 
projecting threonyl side chains adsorb on the ice surface, leads to shaping of the {20-21} pyramidal 
plane (illustrated by red oxygen atoms) (b) Ice crystal grown from the type I AFP solution (Houston et 
al. 1998) 
 
A similar structure match was found in an insect (spruce budworm Choristoneura 
fumiferana) antifreeze protein. As illustrated in Figure 1.8, a simple model 
demonstrates the geometric feasibility of an ice lattice match between the protein and 
the primary prism and basal planes of ice. The author suggested that it is the greater 
number of contacts and the ability to bind both prism and basal planes of ice that 
explain the greater activity of this insect AFP over fish AFPs. 
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Figure 1.8 SbwAFP model showing surface complementarity with the prism and basal planes of ice. 
(a) A side view of the protein aligned above an ice prism plane. Circles depict the lattice positions of 
water oxygen atoms in ice. (b) A view perpendicular to that of a. This view down the c-axis illustrates 
the match of adjacent loops to the ice surface. As oxygen atoms have the same interatomic distance 
along the a-axis in both basal and prism planes, the match to the protein is the same for both planes. c, 
The sbwAFP aligned above the basal plane, depicting the analogous surface match to that of the prism 




1.3.2   The key challenges in antifreeze mechanism by antifreeze proteins  
The overview on the previous studies of the AFPs shows that they are mainly focused 
on the modification of the crystal morphology of ice and the inhibition of ice crystal 
growth in terms of the adsorption of antifreeze protein molecules on specific surfaces 
of ice (Antson et al. 2001; Raymond et al. 1977; Knight 2001). It is believed (Chao et 
al. 1994; Yeh et al. 1996; Raymond et al. 1989) that antifreeze proteins lower the 
freezing point of water merely by adsorbing their residues onto the ice crystal 
surfaces and thereby inhibiting their growth. Although some reports show the 
modification of the ice morphology caused by AFPs (Antson et al. 2001), no study 
has thus far been carried out to show how AFPs inhibit ice crystallization, in 
particular ice nucleation. 
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In most cases, the formation of a new crystalline phase from the ambient phase 
proceeds via nucleation followed by growth. Freezing is a process of ice 
crystallization from supercooled water. In this process, water should undergo the 
stage of ice nucleation, followed by the growth of ice (Mutaftschiev 1993). This 
means that, in the case of ice crystallization, nucleation is the initial and one of the 
most important steps toward creating ice.  Actually, whether or not freezing takes 
place is determined to a large extent by ice nucleation. In other words, there would be 
no ice growth if ice nucleation did not occur. 
Although significant progress had recently been made in the structural 
characterization and properties of AFPs and AFGPs (Sidebottom et al. 2000; Graether 
et al. 2000; Liou et al. 2000), detailed mechanism at the molecular level of how each 
class of biomacromolecules is able to inhibit ice growth is still not well understood. 
The basis for the adsorption of AFPs to ice is still something of a mystery (Knight 
2000). This may be caused by the lack of tools of analysis for the behavior and 
interactions of the precursors of ice nucleation, both theoretical and experimental.  
Apart from this, as discussed in Section 1.1.2, water droplets existing inside and 
outside cells are of micro-size in most cases. Examining ice crystallization in micro-
sized water droplets is of utmost importance in obtaining physical insight into freeze 
and antifreeze processes within plants and animals (Davies et al. 1999). This topic 
had remained as a challenging issue for a long time. It is noteworthy that under the 
condition of micro-droplets, the properties which affect the ice nucleation kinetics can 
differ significantly from the bulk phase. For instance, tiny changes in the volume of 
the droplets and other external factors will exert a much greater impact on ice 
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nucleation in micro-droplets than in bulk water. Up until now, most studies on ice 
crystallization were performed in bulk water. Since bulk water behaves quite 
differently from water in the form of micro-droplets, research on ice nucleation 
should be extended to the micro-domain. For this purpose, effective methods to 
control the micro-ice nucleation become essential. 
Another key problem concerning ice crystallization is the existence of foreign 
particles. In most cases, freezing is mediated by minute foreign particles, including 
bacterial epiphytes. Although some findings concerning the effect induced by 
bacterial protein ice nucleators (PINs) on freezing have been reported, the mechanism 
of how these bacterial PINs promote freezing is unknown (Duman 2001). It looks 
contradictory to find that many freeze-tolerent insects, plants and fungi produce PINs, 
which coexist with AFPs inside these organisms. Thus it is necessary to consider the 
effect of PINs when we study the function of AFPs, which may involve some AFPs-
PINs interactions. In addition, other foreign particles, such as the nano- or micro-
particles inside these bio-systems, may also play a role on the process of freezing or 
antifreeze.   
In conclusion, a new model to tackle above problems needs to be developed. Based 
on this model, the influence of minute foreign particles on micro-ice nucleation can 
be well studied. Thus the antifreeze mechanism of antifreeze proteins can be 
understood comprehensively, enabling novel technologies in controlling freezing and 
antifreezing in general.  
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1.4   Objectives 
In this thesis, the antifreeze mechanism of antifreeze protein on ice nucleation will be 
studied based on our novel model. To get a comprehensive understanding of this 
mechanism, the objectives of this thesis are summarized as: 
1. to obtain an understanding of  the kinetics of micro-ice nucleation;  
2. to study the effect of foreign particles on ice nucleation; 
3. to develop a more comprehensive and quantitative formulation to describe the 
effect of AFPs on ice nucleation kinetics and establish the relation between 
molecular structure of AFPs and the antifreeze efficiency;  
4. to analyze the co-operative effect of AFP molecules with different types 
solvents and solutes. 
In the model which is used in our studies, the so-called “double oil layer micro-sized 
ice crystallization technique” is applied. This technique allows us to minimize the 
influence of the wall of the container on the nucleation of micro-sized ice, thereby 
obtaining more reliable and reproducible data on ice nucleation.  Because the water is 
confined in a micro-sized droplet, it is a model system to mimic the freezing in 
organisms or in the air, where water is normally distributed in micro or sub-micro 
sized droplets. In addition, this model allows us to quantitatively analyze the 
adsorption of antifreeze proteins on ice nuclei as well as that on the foreign particles. 
This leads us to a comprehensive understanding of the antifreeze mechanism of 
antifreeze proteins.   
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1.5   Scope and Summary 
The last three decades have brought to light the role of ice nucleation in living 
systems; added to the role of the atmosphere, this new dimension will undoubtedly 
spur both research and application. Based on the results obtained from our new model, 
a new and comprehensive understanding of the AFPs antifreeze mechanism on ice 
nucleation will be obtained. We hope that this study will provide us with fresh 
physical insight into the phenomenon of AFP antifreeze, which will shed light on the 
identification of new and effective antifreeze proteins/agents.  
As discussed above, water droplets existing in biological systems are mostly in the 
micro-sized range, which behave quite differently from bulk water.  In the next 
chapter, we will introduce the new micro-ice nucleation model and techniques 












2.1 Micro-sized Ice Nucleation Technique 
The experiments of micro-ice crystallization were performed in a micro-sized water 
droplet, which is suspended in a double layer of immiscible oils in a circular quartz 
cell (see Fig. 2.1(a)).  
 
Figure 2.1 (a) Illustration of the sample cell and the placement of a drop of solution. The density of Oil 
I is lower than that of the solution, and the density of Oil II is higher than that of the solution. (b) 
Experimental setup: 1. Polarized optical microscope (Olympus BX60-F); 2. 3 CCD camera (Panasonic, 
KY-F55BE); 3. Heating and freezing stage (Linkam THMS 600); 4. Temperature control    system; and 
5. Computer and image processing system 
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The experimental procedures are as follows: first, the lower layer of oil (Silicon Oil 
AR 1000 from Fluka), which has a larger density than water, was injected into the 
quartz cell up to one half of its volume. Second, a 0.4 µl water droplet was carefully 
injected with a Micropipette on the surface of the oil. Third, an oil (200/500 cS Fluid 
from Dow Corning) with a lower density than water was injected to fill the cell, 
which covers the water droplet and the lower oil layer. A glass cover slip was then 
placed on the top of the cell to prevent evaporation. Due to the density differences, 
the water droplet is suspended in between the two layers of water-immiscible oils. 
Before the water and oils were injected into the cell, they were filtered twice using 20 
nm filters to remove big particles. The water used was in a highly pure deionized 
form (18.2 MΩ). The ice crystallization was controlled by a Linkam THMS 600 
Heating and Freezing stage (T can be controlled within 0.1 °C from the range of -192 
°C – +600 °C) where the cell was mounted. Nucleation was observed using a 
polarized transmission microscope (Olympus, BX60-F) to which a 3 CCD video 
camera (Panasonic, KYF55BE) with an S-VHS video recorder (Panasonic 
AGMD830) was attached (Fig. 2.1(b)). Any crystal structure occurring in the drop is 
immediately detected by means of the crossed polarizer analyzer in the microscope 
(see Fig. 2.2). 
Compared with previous works published (Addadi et al. 1982; Weissbuch et al. 
1987), this experimental method involving a containerless floating microdroplet 
offers a well-controlled means to observe and measure ice nucleation. By using this 
experimental method, we can greatly minimize the influence of the container and 
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foreign dust particles on ice nucleation. The experimental data obtained by our 
method have provided results for the quantitative interpretation of ice nucleation. 
 
 
Figure 2.2 The water droplet suspended in oil observed under a microscope (a) before crystallization 
and (b) upon crystallization 
 
 
2.2 Applied Techniques 
2.2.1 Dynamic Light Scattering  
Dynamic Light Scattering is one of the most generally applicable methods for the 
measurement of size and size distribution of particles. Light Scattering occurs when 
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polarizable particles in a sample are bathed in the oscillating electric field of a beam 
of light. The varying field induces oscillating dipoles in the particles and these radiate 
light in all directions. This important and universal phenomenon is the basis for 
explaining why the sky is blue, why fog and emulsions are opaque and other 
observations. It has been utilized in many areas of science to determine particle size, 
molecular weight, shape, diffusion coefficients, etc. 
When a beam of light passes through a colloidal dispersion, the particles or droplets 
scatter some of the light in all directions. When the particles are very small compared 
with the wavelength of the light, the intensity of the scattered light is uniform in all 
directions (Rayleigh scattering); for larger particles (above approximately 250nm 
diameter), the intensity is angle dependent (Mie scattering). If the light is coherent 
and monochromatic, as from a laser for example, it is possible to observe time-
dependent fluctuations in the scattered intensity using a suitable detector such as a 
photomultiplier capable of operating in photon counting mode.  
 
Figure 2.3 Time-dependent fluctuations in the scattered intensity for particles undergoing Brownian 
motion  
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These fluctuations arise from the fact that the particles are small enough to undergo 
random thermal (Brownian) motion and the distance between them is therefore 
constantly varying. Constructive and destructive interference of light scattered by 
neighbouring particles within the illuminated zone gives rise to the intensity 
fluctuation at the detector plane which, as it arises from particle motion, contains 
information about this motion. The time variation of the scattered intensity is 
analyzed by examining the particle auto-correlation C(τ).  
 
Figure 2.4 The autocorrelation function is an exponential decay 
From this a diffusion coefficient D can be derived: 
                   C(τ) = Ae-2Γ t + B                                                                                (2.1) 
                   Γ = q2 D                                                                                              (2.2) 
where A and B are instrumental parameters, and q is the scattering vector  
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q =                                                                                    (2.3) 
where n is the refractive index of the medium, λ is the wavelength of the light and θ 
is the scattering angle.  
Analysis of the time dependence of the intensity fluctuations can therefore yield the 
diffusion coefficient of the particles. By using the Einstein Stokes equation, and 
knowledge of the viscosity of the medium, the hydrodynamic diameter of the 
particles can be calculated 
                                 
d
TkD Bπη3=                                                                               (2.4) 
where D is the diffusion coefficient, kB is Boltzmann’s constant, T is the temperature 
in Kelvin, η is the liquid viscosity and d is the particle diameter.  
The "hydrodynamic diameter" or "Stokes radius", Rh, derived by this method is the 
size of a sphere. Since the antifreeze proteins are not spherical, their apparent 
hydrodynamic size depends on their shape (conformation) as well as their molecular 
mass. Further, their diffusion is also affected by water molecules which are bound or 
entrapped by the protein. Therefore, this hydrodynamic size can differ slightly from 
the true physical size (e.g. that seen by NMR or x-ray crystallography).  
Dynamic light scattering is particularly suited for sensing the presence of very small 
amounts of aggregated protein as the scattering intensity increases with the sixth 
 27
Chapter 2 Experiemental Techniques 
 
power of the particle size. This means that one single particle ten times as large as 
another will scatter light equivalent to 1,000,000 smaller particles.  So Dynamic Light 
Scattering is very sensitive in detecting very small amounts of the higher mass 
species (<0.01% in many cases). 
              
2.2.2 Tensiometer   
Fluid surface tension is the tangential force that keeps a fluid together at the air/fluid 
interface. It is the intermolecular force of attraction between adjacent molecules, 
expressed as force per unit width, i.e. dynes/centimeter (dynes/cm) or 
milliNewtons/meter (mN/m). Water, at room temperature, has a high surface tension 
in the range of 72 dynes/cm. A surface active agent (surfactant) is a substance which 
is adsorbed at the liquid/vapour interface, and accordingly, lowers the surface tension 
of the medium in which it is dissolved. So the measurement of surface tension can 
show the surface adsorption property of surface active molecules on the air/liquid 
interface. For example, if AFP III molecules accumulate and self-assemble on the 
surface of water due to their amphiphilic nature, a lowing of the surface tension γ will 
be observed.  
Liquid surface tension can be measured using Single Fibre Tensiometer. In these 
measurements, the Dynamic Wilhelmy method, which is a universal method 
especially suited to check surface tension over long time intervals, was applied. This 
method uses a vertical plate of known perimeter which is attached to a balance to 
detect the force change due to the wetting when the plate touches the solution surface. 
Then the surface tension can be calculated by the detected forces.  
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Figure 2.5 Wilhelmy plate with dimensions indicated, immersed to a depth h in water, with a contact 
angle θ: (a) front view (b) side view  
 
 
This method utilizes the interaction of a platinum plate with the surface being tested.  
The calculations for this technique are based on the geometry of a fully wetted plate 
in contact with, but not submerged in, the heavy phase. In this method the position of 
the probe relative to the surface is significant.  As the surface is brought into contact 
with the probe the instrument will sense this event by the change in the forces it 
experiences.  It will register the height at which this occurs as the zero depth of 
immersion. The plate will then be wetted to a set depth to ensure that there is indeed 
complete wetting of the plate (zero contact angle).  When the plate is later returned to 
the zero depth of immersion, the force it registers can be used to calculate the surface 
tension (Fig. 2.5).    








∆==θγ                                                       (2.5) 
The measured quantity is the force F per unit length of the perimeter p (= 2(w+t) for 
rectangular plate which thickness is t and width is w). F is calculated from the 
increase in mass ∆m due to the wetting of the plate by the platinum melt which is 
recorded by an electrobalance. The force per unit length equals the wetting tension 
γcosθ.     
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2.2.3 Zetasizer 
The zeta potential is the potential difference that develops at the interface between a 
solid surface and its liquid medium. This potential, which is measured in MilliVolt, 
may arise by any of several mechanisms. Among these are the dissociation of 
ionogenic groups in the particle surface and the differential adsorption of solution 
ions into the surface region. The net charge at the particle surface affects the ion 
distribution in the nearby region, increasing the concentration of counterions close to 
the surface. Thus, an electrical double layer is formed in the region of the particle-
liquid interface. 
 
Figure 2.6 The double layer and zeta potential 
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This double layer (Figure 2.6) consists of two parts: an inner region that includes ions 
bound relatively tightly to the surface, and an outer region where a balance of 
electrostatic forces and random thermal motion determines the ion distribution. The 
potential in this region, therefore, decays with increasing distance from the surface 
until, at sufficient distance, it reaches the bulk solution value, conventionally taken to 
be zero. This decay is shown by the lower part of the figure and the indication is 
given that the zeta potential is the value at the surface of shear. 
In an electric field, as in microelectrophoresis, each particle and its most closely 
associated ions move through the solution as a unit, and the potential at the surface of 
shear between this unit and the surrounding medium is known as the zeta potential. 
When a layer of macromolecules is adsorbed on the particle surface, it shifts the shear 
plane further from the surface and alters the zeta potential. The zeta potential is 
therefore a function of the surface charge of the particle, any adsorbed layer at the 
interface, and the nature and composition of the surrounding suspension medium. It 
can be experimentally determined (see Figure 2.7). 
 
Figure 2.7 Principle of measuring zeta potential 
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As shown in Figure 2.7, charged particles in a liquid suspension can be made to move 
by applying an electric field to the liquid through two electrodes. By alternating the 
charge between the electrodes, the particles move back and forth between the 
electrodes at a velocity related to their surface charge and the electrode potential. This 
velocity can be determined by measuring the doppler shift of laser light scattered off 
of the moving particles. The Doppler shift is the change in the frequency of the peak 
in the power spectrum when compared to the reference spectrum in the absence of an 
electric field. Using the Smoluchowski equation, the zeta potential ζ is determined: 
                                η
ζεµ =                                                                              (2.6) 
where µ is the electrophoretic mobility, ε is the dielectric permitivity of the liquid and 
η is the viscosity. 
Because the potential reflects the effective charge on the particles and is therefore 
related to the electrostatic repulsion between them, the zeta potential has proven to be 
extremely relevant to the practical study and control of stability of colloidal 
suspensions or emulsions. For example, the greater the zeta potential the more likely 
the suspension is to be stable because the charged particles repel one another and thus 
overcome the natural tendency to aggregate. Similarly, by controlling the interactions 
between charged particles, the potential can also be an important parameter in the 
adhesion process of particles to their solid substrates, such as the adsorption of AFP 
III molecules to the surface of ice nuclei and foreign particles (see Chapter 5 for 
details).  
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2.2.4 Fluorescence spectrophotometer 
Fluorescence spectroscopy is one of the most widely used spectroscopic techniques to 
detect the changes in the structural and dynamic properties of biomolecules and 
biomolecular complexes.  
The Fluorescence Process 
Fluorescence is the result of a three-stage process that occurs in certain molecules 
called fluorophores or fluorescent dyes. A fluorescent probe is a fluorophore designed 
to localize within a specific region of a biological specimen or to respond to a specific 
stimulus. The process responsible for the fluorescence of fluorescent probes and other 
fluorophores is illustrated by the simple electronic-state diagram. 
 
Figure 2.8 The principle of fluorescence 
 
Stage 1: Excitation A photon of energy hνEX is supplied by an external source such as 
an incandescent lamp or a laser and absorbed by the fluorophore, creating an excited 
electronic singlet state (S1').  
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Stage 2: Excited-State Lifetime The excited state exists for a short time (typically 1–
10 nanoseconds). During this time, the fluorophore undergoes conformational 
changes and is also subject to a multitude of possible interactions with its molecular 
environment. These processes have two important consequences. First, the energy of 
S1' is partially dissipated, yielding a relaxed singlet excited state (S1) from which 
fluorescence emission originates. Second, not all the molecules initially excited by 
absorption (Stage 1) return to the ground state (S0) by fluorescence emission. Other 
processes such as collisional quenching, Fluorescence Resonance Energy Transfer 
(FRET) and intersystem crossing may also depopulate S1. The fluorescence quantum 
yield, which is the ratio of the number of fluorescence photons emitted (Stage 3) to 
the number of photons absorbed (Stage 1), is a measure of the relative extent to which 
these processes occur.  
 
Stage 3: Fluorescence Emission A photon of energy hνEM is emitted, returning the 
fluorophore to its ground state S0. Due to energy dissipation during the excited-state 
lifetime, the energy of this photon is lower, and therefore of longer wavelength, than 
the excitation photon hνEX. The difference in energy or wavelength represented by 
(hνEX – hνEM) is called the Stokes shift. The Stokes shift is fundamental to the 
sensitivity of fluorescence techniques because it allows emission photons to be 





Chapter 2 Experiemental Techniques 
 
Fluorescence in Proteins 
The chromophores in proteins are tryptophan and tyrosine. Fluorescence generally is 
very sensitive to the environment of the chromophore. Therefore, fluorescence is a 
effective technique for following the binding of ligands or conformational changes. 
For instance, proteins will have much lower fluorescence intensity when denatured in 
aqueous solution as the chromophores are exposed to a more polar environment.  
 
Measurement of Fluorescence 
 
An incident beam of radiation of a given wavelength is passed through a sample 
cuvette containing the fluorophore. The emitted radiation is detected by a 
photomultiplier tube. This is generally similar to the design of the spectrophotometer. 
The main differences are that the emitted radiation is detected at 90o to the direction 
of the incident light beam and that a second monochromator is required to select the 
modified wavelength of the emitted light. Since fluorescence is emitted in all 
directions from the fluorophore, this design excludes the detection of the incident 
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Figure 2.9 Experimental setup of fluorescence measurement 
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PRINCIPLES OF FREEZING AND ANTIFREEZE 
PROCESSES 
 
3.1 Principles of Ice Nucleation  
3.1.1 Structure of Ice 
The crystal of ice consists of a periodic 3D array of water molecules bound together 
by hydrogen bonds. The hydrogen bonding in water molecules is the starting point to 
account for the structure of ice.  
The water molecule The positions of the oxygen and two hydrogen nuclei in the 
molecule are shown in Fig. 3.1. For a free molecule the equilibrium O-H distance 
shown is 0.9572±0.0003 Å and the H-O-H angle is 104.52±0.05°. It is of crucial 
importance to the properties of water and of ice that the molecule is bent rather than 
having the three atoms in a straight line. This bent form gives it a dipole moment and 
determines how the molecules can fit together in a crystal lattice.  
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Figure 3.1 The geometry of a free H2O molecule (Petrenko et al. 1999) 
The hydrogen bond Hydrogen bond is a distinct type of chemical bond which arises 
when a hydrogen atom lies in between two highly electronegative atoms F, O, or N 
(Pauling 1960). It was proposed to be responsible for the bonding of the molecules in 
water by Latimer and Rodebush (1920), and is known to account well for the 
tetrahedral bonding of the molecules in ice.  
In a hydrogen bond the hydrogen nucleus remain covalently bonded to one of the 
oxygen atoms, so that the bond is often represented diagrammatically as O-H⋅⋅⋅O, and 
the individual molecules remain intact. The H⋅⋅⋅O distance is much longer than the O-
H covalent bond length. The molecule to which the proton is covalently bonded is 
sometimes called the “proton donor” and the other molecule is the “acceptor”. Each 
H2O molecule can act as a donor for two hydrogen bonds and an acceptor of two 
others, with the acceptor sites located in directions tetrahedrally opposite the covalent 
O-H bonds. This produces tetrahedral bonding around the oxygen, geometrically 
similar to that in diamond. The strength of the hydrogen bond is intermediate between 
that of a covalent bond and the residual van der Waals interaction, giving ice a 
melting point mid-way between those of a covalent crystal like diamond and a rare 
gas like neon, both of similar molecular weight.  
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Ice Ih Ice Ih is the normal phase of ice obtained by freezing water at atmosphere 
pressure (c.f. Fig. 3.2 (a)). The symbol “I” was assigned by Tammann (1900) 
following his discovery of the first of the high-pressure phases of ice, and “h” is 
commonly added to distinguish this normal hexagonal phase from a metastable cubic 
variant called ice Ic.  
The phase diagram for the equilibrium between ice Ih and the liquid and vapor phases 
is illustrated schematically in Figure 3.2 (b). The triple point, where the three phases 
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        (b) 
Figure 3.2  (a) Phase diagram showing the stable phases of the ice-water system on the logarithmic 
scale of pressure (b) Schematic phase diagram of water at low pressures (Petrenko et al. 1999) 
 
Crystal structure of ice The basic structure of ice Ih is well established by Pauling 
(1935) and illustrated in Figure 3.3. The oxygen atoms, shown by the open circles, are 
arranged on a hexagonal lattice. Each oxygen atom has four nearest neighbors at the 
corners of a regular tetrahedron. The hydrogen atoms, shown as dark spots, are 
covalently bonded to the nearest oxygens to form H2O molecules, and these 
molecules are linked to one another by hydrogen bonds, each molecule offering its 
hydrogens to two other molecules and accepting hydrogen bonds from another two.  
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Figure 3.3 The crystal structure of ice Ih. The unit cell of the average structure is marked 
ABCDEFGH, and the four oxygen atoms contained within this cell are shown shaded. One 63 axis of 
symmetry of this structure lies along BF as indicated  
 
In the structure shown in Figure 3.3 the oxygen atoms lie in layers perpendicular to 
the c-axis which one built up of puckered hexagonal rings. The space group for the 
average structure with a half-hydrogen on each possible site is P63mmc, with the 
result that the macroscopic properties of ice have the highest possible hexagonal point 
group symmetry P6/mmm. A single unit cell is marked ABCDEFGH in Figure 3.3, 
and it is drawn in isolation in Figure 3.4 in which the hydrogen sites are shown as 
half-filled symbols. The 63 axis passes through the centre of the horizontal hexagonal 
rings and transposes one horizontal layer of molecules into the next by a rotation 
through 2π/6 followed a translation of 3c/6. There is a centre of symmetry at the 
centre of each horizontal ring and at the mid-point of each O-O’’ bond.  
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Figure 3.4 Unit cell of the structure of ice Ih projected on (0001) and (11 2 0) planes. Half-filled 
circles represent possible sites for H in the half-hydrogen model  
 
The most precise measurements of the lattice parameters were made by Rottger et al. 
(1994) using synchrotron radiation, and were subsequently confirmed by Line and 
Whitworth (1996) using neutron scattering. These values for H2O are tabulated as 
function of temperature in Table 3.1. Table 3.2 gives values of the inter-site distances 
calculated from the fractional co-ordinates and the lattice parameters. There is no 
significant difference between the O-O’ and O-O’’ or the O-H1 and O-H2 distances, 
which implies that all the hydrogen bonds are effectively the same.  
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Table 3.1 Lattice parameters of Ice Ih 
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3.1.2 Ice Nucleation Kinetics 
A general and simple picture of 3D nucleation can be described as follows. The 
constituent atoms or molecules in the solution may, on collision, join into groups of 
two, three, four, or more particles, forming dimers, trimers, tetrarners, etc. The 
kinetics of nucleation is described by the nucleation rate J, which is defined as the 
number of nuclei created per unit volume-time, and determined by the nucleation 
barrier, kink integration rate, transport and other factors. J is an important 
characteristic of the process of new phase formation. 
The central problem in the nucleation theory and experiment is to determine J as a 
function of the parameters controlling the process. After the thermodynamic results of 
Gibbs (1928), the paper by Volmer and Weber in 1926 was the very first one devoted 
to J and it was followed by the pioneering studies of Farkas (1927), Kaischew, 
Stranski and others (1934). To describe the kinetics of nucleation, many classical and 
non-classical theories have been published (Zettlemoyer 1969). Many important 
results have been obtained since then. We will look at the basic principles and the 
latest progress in modern nucleation theories. 
3.1.2.1 Thermodynamic Driving Force 
Nucleation is the process in which the first-order phase transitions begin. The driving 
force for nucleation of new phases (e.g., crystals) is ∆µ, which is defined as the 
difference between the chemical potentials µmother and µcrystal of a growth unit in the 
mother and the crystalline phases: 
crystalmother µµµ −=∆                                                                    (3.1) 
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When ∆µ > 0, it is said that the system is supersaturated. This is the thermodynamic 
pre-condition for nucleation and growth of the crystalline phase. Conversely, when 
∆µ< 0, the system is undersaturated. Under such conditions, crystals will dissolve. In 
the case where ∆µ= 0, the mother phase is in equilibrium with the crystalline phase 
(Fowler et al. 1960).  This implies that at a given temperature T, pressure P, 
concentration C, etc., one always has 




where is the chemical potential of solute molecules in the phase equilibrium (or 




crystal can be expressed by . Therefore, in many cases of practical 




mothermother µµµ −=∆                                                                  (3.3) 
For crystallization from the melt (such as ice crystallization from water) at temperatures 
not far below the melting or equilibrium temperature, we obtain the thermodynamic 
driving force by applying similar thermodynamic principles, as (Fowler et al. 1960) 
 em TTh ∆∆=∆µ                                                                              (3.4) 
)( TTT e −=∆                                                                                     (3.5) 
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3.1.2.2 Nucleation Barrier  
A characteristic feature of the nucleation process is that the substance with the 
properties of the new phase is fluctuating and localized in small nano-scale spatial 
regions. These are occupied by various numbers of atoms or molecules which form 
clusters. The clusters remaining at equilibrium with the surrounding mother phase are 
the critical nuclei, and the smaller or the larger clusters are the subnuclei or supernuclei, 
respectively. Only the supernuclei are the clusters that can grow spontaneously to reach 
macroscopic sizes. For simplicity, we call hereafter the subnuclei “clusters”, and the 
supernucici “nuclei”. 
The nucleation rate J describing the number of nuclei successfully generated from the 
population of clusters per unit time, per unit volume is determined by the height of the 
free energy barrier, the so-called nucleation barrier. The occurrence of a nucleation 
barrier is attributed to the following two opposing effects: 
(1) since the crystalline phase is a stable phase, the emergence of the new phase from 
the mother phase will lead to a lowering of the (Gibbs) free energy of the system; 
(2) due to the interfacial (or surface) free energy, the increase in the size of the 
crystalline new phase leads to an increase in the interface (or surface) area, and 
consequently the interface (or surface) free energy. This will cause an increase in the 
Gibbs free energy of the system. The combination of these two effects results in the 
formation of the nucleation barrier. 
The free energy change to form a cluster of n = 1,2,3... molecules can be found by 
thermodynamic considerations, since it is defined as 
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                                                                 (3.6) inifin GGG −=∆
for a system at constant pressure and temperature (Gini and Gfin denotes the Gibbs free 
energies of the system in the initial and final states before and after the cluster 
formation, respectively). If M is the number of solute molecules in the system, Gini is 
merely given by 
           Gini = M µmother                                                                          (3.7) 
To find Gfin one usually employs the Gibbs method (1928) of introducing a surface 
which divides the system into a new phase of n molecules, a cluster of n molecules, 
and an old phase of the remaining M - n solute molecules. Then Gfin is written as 
                  ncrystalmotherfin nnMG Φ++−= µµ)(                                                    (3.8) 
where Φn is the total surface energy of the n-sized cluster (except for nucleation of 
bubbles when Φn contains also pressure-volume terms). Substituting the above 
expressions (3.7) and (3.8) for Gini and Gfin in Eq.(3.6) and recalling Eq.(3.1) yields 
nnG Φ+∆−=∆ µ                                                                (3.9) 
The ∆G function reaches its maximum ∆G* at r = rc, or n = n’. The cluster of n* 
molecules is the critical nucleus, rc is the radius of curvature of the critical nuclei, and 
∆G* is the nucleation barrier. One of the major problems in the nucleation theory is to 
find ∆G* which, physically, is the energy barrier of nucleation. 
 The occurrence of foreign bodies in the system normally reduces the interfacial 
(or surface) free energy, therefore will also lower the nucleation barrier. Under a 
given condition, if the probability of creating a nucleus is homogeneous throughout 
 47
Chapter 3 Principles of Freezing and Antifreeze Processes 
 
the system, the nucleation is considered to be homogeneous nucleation. Otherwise, it 
is considered to be heterogeneous nucleation. In heterogeneous nucleation on solid or 
liquid surfaces, microclusters, dusts and macromolecules, the properties of these 
foreign bodies are an additional factor upon which this barrier and rate depend. 
Let , be the homogeneous nucleation barrier, and  be the heterogeneous 
nucleation barrier (the nucleation barrier in the presence of a foreign body.) We can 






* / oheter GGf ∆∆=                                                            (3.10) 









Figure 3.5 A generic picture of nucleation on the foreign particle 
As shown in Figure 3.5, we assume that nucleation occurs at a foreign body with a 
radius of Rs. The mother phase is represented by subscript f, the cluster of the 
crystalline phase by c and the foreign body by s. If we denote the volume by V and 
the surface area of the foreign body by S, then the free energy of formation of a 
cluster of radius r on a nucleating particle of radius Rs is given, according to Eq.(3.9), 
by 
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∆G = -∆µVc/Ω + γcfScf + (γsf - γsc )Ssc     (3.11) 
 
where γij is the surface free energy between phases i and j and Ω is the volume per 
structural unit. Assume that the concept of contact angle can still be applied in this 
case. We have then 
m = (γsf - γsc)/γcf ≈ cosθ  (-1 ≤ m ≤ 1)      (3.12) 
 
Referring again to Fig. 3.5, we have, 





1 3333 φφππ +−−Ψ+Ψ−= sc RrV         (3.13) 
with                                            (3.14)                ,/)(/)cos(cos lrmRlrR ss −=−= θφ
,/)(/)cos(cos lmRrlRr ss −−=−−=Ψ θ                              (3.15) 
and                                                      (3.16) .]2)[( 2/122 rmRrRl ss −+=
To evaluate the critical free energy , we can substitute expression (3.13) into 
(3.11) and require that 
*
heterG∆
0)/( =∂∆∂ rG                                                                        (3.17) 
Regarding the fact that the radius of curvature rc of the critical nuclei is only 
determined by γcf and the driving force ∆µ (Liu 2001), we then have 
 rc = 2Ωγcf /∆µ.                                                                                          (3.18) 
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We notice that in the case of epitaxial growth, some strain will develop due to the 
structural mismatch at the crystal-substrate interface. The strain will affect both the 
bulk free energy of nuclei and the interfacial free energy γcf.  In this case, the 
occurrence of substrate affects rc.  
 Now substituting expressions (3.12)-(3.18) into Eq.(3.11) and writing. 
R’ = Rs/rc = Rs∆µ/Ωγcf                                                             (3.19) 
the free energy of formation of a critical nucleus is 
fGG *homo
*
heter ∆=∆                                                                       (3.20) 
with 












































mRRmf                (3.22) 
  
and 
w = [1 + (R’ )2 – 2R’m]1/2.                                                       (3.23) 
 
Here R’ is actually the dimensionless radius of curvature of the substrate with reference 
to the radius of the critical nuclei rc. In other words, it only makes sense if the curvature 
of a foreign body or a substrate refers to the curvature of the critical nuclei. 
Substituting appropriate values of Rs, m, γcf and ∆µ into (3.18)-(3.23), one can 
calculate f(m,R’) and  for any nucleation process. Note that the factor f(m,R’)  
varies from 1 to 0.  Obviously, this factor plays an important role in the determination 
of the heterogeneous nucleation barrier . One can see from Eq.(3.10) that the 
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Fig.3.6(a) shows f(m,R’) as a function of R’ for a given m. When 1)',(,0' =→ RmfR , 
implying that the foreign body as a nucleating substrate will “vanish” completely. In 
practice, if foreign bodies are too small, i.e.  clusters of several molecules, nucleation 
on these substrates will not be stable. Then, the foreign bodies play no role in 
lowering the nucleation barrier. If R’ >> 1. the foreign body can be treated as a flat 
substrate compared to the critical nuclei. In this case, f(m,R’) is sololy a function of 
m, and the curvature of the foreign body has no effect on the nucleation kinetics.   
Eq.(3.22) is then reduced to  
   ( ) ( ) ( )332
4
1', mmmfRmf +−==       (3.24) 
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Figure 3.6 (a) Dependence of the interfacial correlation function f(m,R’) on m and R’; (b) Dependence 
of the interfacial correlation function f(m,R’) on m at R’> 10 
 
3.1.2.3 Kinetics of Ice Nucleation: The Influence of Foreign Particles 
Nucleation kinetics Let us recapture the picture of the heterogeneous nucleation 
model. On the substrate surface, some molecular processes occur due to transient 
visiting molecules which adsorb, form short lived unions, break-up, desorb etc.. An 
instantaneous census would show some distributions of subcritical nuclei (or clusters) 
with 1,2,3,.... molecules per cluster (c.f. Figure 3.7). 
In any one cluster with n molecules, the free energy changes when the n 
molecules adsorb and form the n-mer with a size of r as given by Eq.(3.9). Nucleation 
begins with the formation of a cluster of size rc, with n* molecules. rc is given by 
Eq.(3.18). 
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The widely accepted kinetic model of nucleation (within the cluster approach) 
was used first by Farkas in 1927. It is based on the Szilard scheme of a successive 
“chain reaction” between monomer molecules and n-sized clusters: 
Monomer Dimer... (n –1) mer n-mer (n +1) mer... (3.25) 
 
The master equation for the concentration Zn(t) of n-sized clusters at time t is 
expressed in the form of a continuity equation (Zettlemoyer 1969) 
 nnn JJdtdZ −= −1/                                                            (3.26) 
where J is the flux through point n on the size axis. In this formulation J is thus the 
flux through the nucleus size n* , i.e., J ~ ( )tJ n* , so that the nucleation rate can also 
be time-dependent. 
 The basic problem in nucleation kinetics is to solve the master equations (3.25) 
and (3.26) for the unknown cluster size distribution Zn(t), since knowledge of Zn(t) 
allows the determination of the nucleation rate. There exist three physically distinct 
states of the system which are of particular interest: the equilibrium, the stationary (or 
steady) and the nonstationary states. Since the stationary (or steady) and the 
nonstationary states are physically realistic states, in the following, we will focus on 
the steady state, and briefly discuss the nonstationary state. 
In the stationary state dZn/dt = 0, but Jn=constant = Jn*=J. Then, Zn ~ Z’n is the steady-
state cluster size distribution. The stationary nucleation rate for homogeneous 
nucleation is given by the Becker-Doering formula (1935) 
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expν                                            (3.27) 




**** // ++−= nnnn CZCZz
where z is the so-called Zeldovich factor,  K* = Kn*  is the frequency of monomer 
attachment to the critical nucleus, νm denotes the average volume of structural units in 
the mother phase, and Cn is the equilibrium concentration of n-sized clusters, given 
by (Liu 1999) 
)/exp(1 kTGCC nn ∆−≅                            (3.29) 
Based on the definition of Jn , one has 
'
nnn ZkJ =                                                   (3.30) 
At the steady state, J’, the formation rate of critical nuclei per unit volume-time 
around a foreign particle, is equal to the steady state growth of clusters on the surface 
of the particle. This can then be expressed in terms of  
J’ =Jn* =Jn= constant = critical sized nuclei formed/unit volume- time 
≡…= = constant.                          (3.31)                                       ' 1
'
1 ++ − nnnn ZkZk
Before further analyzing (3.31), we introduce the following two boundary conditions: 
(1) Z’n*=0;                          (3.32)                                     
(2)                                                             (3.33) .1)/(lim '
1
=→ nnn CZ
Taking into account the effect of the substrate on both the nucleation barrier and the 
transport process, and the fact that the average nucleation rate in the fluid phase 
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depends on the density and size of foreign particles present in the system, the 
nucleation rate is given by (Liu 1999) 
  ( )[ ] ( ) ( )[ ] ( )[ ])/(exp4 22/12 TTmfBmfm"fNRaJ osknk ∆−= κβπ      (3.34) 
with      









γπ ,                    (3.35) 
  ( ) ( )
2
'11'," wmRRmf −+=      (3.36)  
and  ( ) ( ) ( )mmfRmf −== 1
2
1"',"  at R’ >> 1  (3.37) 
where B is the kinetic constant and N° denotes the density of substrates (or “seeds”). 
The growth of nuclei is subject to collisions between growth units and the surfaces of 
the nuclei, followed by incorporation of the growth units in the nuclei (c.f. Fig.3.7). In 
the case of homogeneous nucleation, growth units can be incorporated into the nuclei 
from all directions.  However, in the case of heterogeneous nucleation, the presence 
of substrates will block the collision of growth units with the surfaces of these nuclei 
(c.f. Fig.3.7). f”(m,R’) in the pre-exponential term describes the ratio between the 
average effective collision in the presence of substrates and that of homogeneous 








Figure 3.7 Scheme of the shadow effect of the substrate in heterogonous nucleation 
 
Both f(m,R’) and f”(m,R’) are functions of m and R’. When R’→ 0 or m = -1, f(m,R’), 
f”(m,R’) =1. This is equivalent to the case of homogeneous nucleation. In the case 
where m→1 and R >> 1, one has f(m,R’), f”(m,R’) = 0. Normally, heterogeneous 
nucleation occurs within the range between 1 and -1, or f(m,R’) between 0 and 1, 
depending on the nature of the substrate surface and supersaturation. 
Notice that for homogeneous nucleation, one has f”(m,R’)= f(m,R’)= 1, and 















cfπγ .         (3.38) 
 
This implies that Eq.(3.34) is applicable to describe both homogenous and 
heterogeneous nucleation. 
Induction time in nucleation One of the most common ways to describe the kinetics 
of nucleation is to measure the induction time ts of nucleation at different 
supersaturations. 
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Due to the crystallization sequence, what we normally acquire from experiments is 
the induction time ti of crystallization, which is defined as the mean time elapsing 
before an observable amount of the new phase is detected. Actually, ti includes the 
time tg for the grown crystals to reach observable size, and tnucl.  There is a certain 
time required to establish nucleation from time zero to the steady state. This is the 
transient period tnonst which is associated with nucleation of the non-stationary state. 
Denoting the induction time for nucleation of the steady state ts one has then 
snonstgi tttt ++=                                                                       (3.39) 
Since the free energy barrier for 3D nucleation is much higher than that for 2D 
nucleation (Chernov, 1984), the growth of crystals then is much easier than 
nucleation in most eases. If crystals with a sufficiently small size can be detected by 
certain techniques, we can then have tg << tnucl (tnonst+ts).  
Nowadays, the laser light scattering method promises the detection of particles from 
several nm to several tens of nm.  This has already come very close to the critical size 
of nuclei in many cases. In such a situation, we can even assume tg→ 0.  Apart from 
this, tnonst, according to the previous section, is determined to a large extent by 
diffusivity. If the mother phase is not too viscous, such as aqueous solutions, we 
normally have tnonst= a few microseconds (Kashchiev 1995).  This implies that tnonst<< 
ts. Therefore, we can approximate (3.39) by 
snucli ttt ≅≅                                                           (3.40) 
This implies that under normal conditions, the nucleation rate J is time-independent. 
By definition, one has 
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J =  l/(tsV)                                                                      (3.41) 
where V is the volume of the system. 
It follows then from Eq.(3.34) 
       ln( tnucl V) = κf(m)/(Τ∆Τ2) + ∆G≠kink / kT -  ln{ f’’(m)[ f(m)]1/2B’}  (3.42) 
with   316 23 Ω= cfπγκ kSm2                  (3.43) 
where ( )[ ]02' NRBB s= .  For a given system, since ρ, C1 and B’ are constant, changes in 
the slope and/or the intercept of the ln(τV) ~ 1/(T∆Τ2)  plot will correspond to the 
modifications in f(m,R’), f”(m,R’) and βkink.  
“Zero-sized” effect of foreign particles As discussed above, the ice nucleation 
process can be regarded as a kinetic process for ice nuclei to overcome the so-called 
nucleation barrier  under a given supercooling*G∆ T∆  ( TTT m −=∆ , T and Tm are 
the actual and the melting temperatures, respectively). To explore the ice nucleation 
kinetics, we examine the correlation between the nucleation induction time τ , the 
time required for the first nucleus to appear in the drop of water with a given volume 
V, and the supercooling T∆ .  
Our experiments show that under normal crystallization conditions, it is almost 
impossible to eliminate the influence of dust particles. This is evidenced by the fact that 
the freezing temperature (for a constant droplet volume) decreases progressively as the 
pore size of the filters is decreased progressively from 200nm, to 100nm to 20 nm (cf. 
Table 3.3). Actually, in most cases, the term “homogenous ice crystallization”, to 
which most authors refer (Rasmussen 1982), is a heterogeneous ice nucleation process 
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promoted by dust particles. This implies that the effect of the dust particles on ice 
crystallization is inevitable, and should be taken into account in our discussion.  
 
Table 3.3. The freezing temperature (for a droplet of constant volume) is dependent on the number and 
size of dust particles  
 
Filter Pore Size (nm) 200 100 20 
Freezing Temperature (°C) -53 -58 -65 
 
Just as an ice nucleation substrate does, so do foreign bodies always lower the 
nucleation barrier by a factor f (c.f Eq.(3.20)). For an optimal interaction and 
structural match between the nucleating phase and the substrate m → 1 and f(m,R’) → 
0, meaning that the nucleation barrier is completely eliminated due to the occurrence 
of foreign particles. When f(m,R’) = 1 (extremely poor structure match/interaction 
between ice and foreign particles), the nucleation barrier is the highest ( ) 
under the given conditions even when the foreign particles are still present, in which 
case the foreign particles do not play any role in lowering the nucleation barrier.  
*
homoG∆
As shown in Figure 3.8, ln(τV) is plotted vs 1/T T∆ 2 for various systems as follows: 
DI water filtrated by a 20nm filter (Curve A), 0.5mg/ml antifreeze protein type III 
(AFP III) solution filtered by a 20nm filter (Curve B), 2.5mg/ml antifreeze protein 
type III (AFP III) solution filtered by a 20nm filter (Curve C) and DI water filtered by 
a 200nm filter (Curve D).   
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Figure 3.8 The correlation between ln( V) and 1/T( T)2 for DI water filtered by a 20-nm filter (curve 
A), 0.5 mg/ml AFPIII solution filtered by a 20-nm filter (curve B), 2.5 mg/ml AFPIII solution filtered 
by a 20-nm filter (curve C), and DI water filtered by a 200-nm filter (curve D)  
 
Let us first focus on DI water filtered by a 20nm filter (Curve A).  If freezing were 
first controlled by heterogeneous nucleation and followed by homogeneous 
nucleation as  increased, we would have obtained for a nucleating system pair-
wise  intersecting straight line segments in the ln(τ
T∆
 V) vs 1/(T T∆ 2) plot: one segment 
with a small slope at low  (or high 1/(TT∆ T∆ 2), the other segment with the highest 
slope at high  (cf. Eq.(3.42). The slope would then be κf(m,R’) = κ, as f(m,R’)⎢T∆ max 
= 1). In contrast to this expectation, we obtain at low  T∆   (high 1/(T 2T∆ )) a straight 
line segment with the largest slope within the measurable range of    whereas at 
high    (low 1/(T
T∆
T∆ T∆ 2)) we obtain straight line segment with a much smaller slope, 
the two straight line segments being joined by a curve (see Fig.3.8).  This implies that 
the nucleation barrier rises abruptly to the highest level (∆G*≈ , f(m,R’) = 1) at 
low supercoolings as if the foreign particles had “disappeared” (cf. Eqs.(3.10) and 
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Such an effect on nucleation revealed by foreign particles at low supercoolings is 
called hereafter the “zero-sized” effect. 
Effective curvature of the surface roughness of foreign particles R' is actually the 
ratio between the radius of the local curvature of the foreign particles (substrate) and 




Figure 3.9 Illustration of ice nucleation on a rough surface of a foreign (dust) particle. Normally, the 
surface of dust particles is rough. Therefore, the radius of the local curvature of the foreign particles is 
smaller than the size of the particles. r, the radius of the ice nucleus; Rs, the radius of the local 
curvature of the foreign particles 
 
For a given crystallization system, R' is proportional to T (compare Equations 3.4 
and 3.19). As shown in Figure 3.6 (a), the f(m, R')  vs R' diagram can be divided into 
three regimes based on R' or T. Regime I (linear regime): R' » 1 (relatively large 
supercoolings and/or large Rs). In comparison to the critical nuclei, the foreign 
particles can be treated as a flat substrate. f(m, R') then attains its lowest value and 
becomes a constant with respect to R' (or T), i.e. it assumes the form f(m). 
According to Equation 3.42, the plot of ln( V) versus 1/(T T2) is a straight line 
because κ is constant for a given system (compare portion 1 of curve A in Fig. 3.8). 
Regime II (nonlinear regime): as T deceases (or 1/(T T2) increases), rc becomes 
 61
Chapter 3 Principles of Freezing and Antifreeze Processes 
 
comparable with Rs (R' 1) (compare Equation 3.19). The ln( V) 1/(T T2) plot 
becomes a curve (compare the curved segment between portions 1 and 2 of curve A) 
as f(m, R') varies with T (or R'). Regime III (zero-sized regime): further lowering T 
(or raising 1/(T T2)) leads to a much larger rc than the radius Rs of the foreign 
particles or R' 0. In the case f(m, R')max = 1, one has a straight line with the largest 
slope (line 2 of curve A in Figure 3.8). In this regime, as suggested by the zero-sized 
effect, the particles behave as if they had "vanished," although they are still physically 
present in water. According to Equation (3.20), the occurrence of the particles does 
not lower the nucleation barrier with respect to that of genuine homogeneous 
nucleation. Notice that the nucleation in Regime III is still not genuine homogeneous 
nucleation. In the case of genuine homogeneous nucleation, one has f''(m, R') = f(m, 
R') = 1 and ln{f''(m, R')[f(m, R')]1/2BNo} = constant for the same system, meaning that 
only one ln( V) versus 1/(T T2) plot can be identified in this case for the same 
system, such as DI water filtrated by a 20-nm filter (Fig. 3.8, curve A) and DI water 
filtrated by a 200-nm filter (Fig. 3.8, curve D). Nevertheless, in comparison to 
segment 2 in curve A and segment 2' in curve D, one has two parallel straight lines 
instead of a single straight line. This means that the nucleation occurring at the "zero-
sized" regime (Regime III) is still not genuine homogeneous nucleation, although the 
height of the nucleation barrier is equivalent to that of homogeneous nucleation. This 
result is attributed to the fact that the probability of nucleation around the foreign 
particles may still be higher than elsewhere within the water droplet because of the 
particle-induced molecular pre-ordering. Based on the fact that this homogeneous-like 
nucleation occurs at low supercoolings rather than at high supercoolings as expected 
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previously (Mullin 1997), this type of nucleation is then referred to as inverse 
homogeneous-like nucleation. 
We convert the curves in Figure 3.8 into f(m, R') R'. According to Equation (3.42), 
the slope of the ln( V) 1/(T T2) plot is κf(m, R'). If the inverse homogeneous-like 
nucleation takes place (Regime III, f(m, R') = 1), one then has κf(m, R') = κ. It follows 
that the experimental f(m, R') T curve can be obtained from the ratio between the 
slope of the ln( V) 1/T( T)2 plot and the corresponding  κ at different T. Because 
rc can be obtained from Eqs. (3.4) and (3.18) and κ, one of the most challenging and 
important steps in obtaining f(m, R') R' is to estimate the average local radius Rs of 
the rough surface of the foreign particles (compare Equation (3.19) and Figure 3.8). 
As illustrated by Figure 3.6 (a) (e.g. m = 0.8), one has approximately R' 1 or (rc)mid 
Rs at the midpoint of the ln[f(m, R')] ln(R') curve (-ln[f(m)]/2), enabling one to 
estimate, according to Equation (3.19), Rs from (rc)mid, which can be obtained from (
T)mid (compare Eqs. (3.18) and (3.4); ( T)mid is the supercooling of the midpoint (-
ln[f(m)]/2) of the ln[f(m, R')] ln( T) plot). The values of Rs for various systems are 
listed in Table 3.4. The ln[f(m, R')] ln(R') plots for these systems are given in Fig. 
3.10.  
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Figure 3.10 Experimental f(m, R') R' for the four different systems: DI water filtered by a 200-nm 
filter (curve 1), 2.5 mg/ml AFPIII DI water solution filtered by a 20-nm filter (curve 2), DI water 
filtered by a 20-nm filter (curve 3). The curves were obtained based on the data given in Fig. 3.8 (R’ is 
obtained based on Eqs.(3.4) and (3.19). The entropy of melting per molecule ∆Sm ~   3.67×10-23 JK-1;  
The volume per molecule  Ω  ~   32.53 ×10-30  m3 ) 
 
 
Table 3.4 The measured transition temperature (∆T)mid and the radius of the local curvature of foreign 
particles for different systems 
 
 κ (∆T)mid (K) (rc)mid (= Rs) (nm) 
DI water 
(20 nm filter ) 
4.40×105 39.1 2.28 
DI water 
(200 nm filter ) 
4.00×105 33.9 2.54 
AFP III 
2.5 mg/ml (20 nm filter ) 
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Interfacial correlation between foreign particles and nucleating phase 
As shown by Figure 3.6 (a), in the case of R’>> 1, the substrate can be regarded as 
being essentially flat, and f(m,R’) is then solely dependent on m. This implies that 
f(m,R’) = f(m) is independent of the supersaturation. According to Eq.(3.42), the plot 
of ln( V) 1/(T T2) should give rise to a straight line whose slope is determined by ρ 
and f(m). Obviously, for a given system (ρ, B’ = const.), the slope of the straight line 
will change according to f(m). In this sense, the slope of the ln( V) 1/(T T2) plot 
gives the relative f(m) for the given system. One can analyze the change of the 
correlation between the substrate and the crystalline phase in terms of the variation of 
the slope. 
As given by Eq.(3.12), m is directly associated with γcs, which is determined by the 
interaction and/or structural match between the crystalline phase and the substrate. 
For a given crystalline phase and a substrate, an optimal structural match is the 
crystallographic orientation {hkl}, corresponding to the strongest average interaction 
or the lowest interfacial energy difference between the crystalline phase and the 
substrate between the two phases. This orientation corresponds to the (minimal) cusp 
at the γ-plot (Figure 3.11 (a)). 
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Figure 3.11 (a) γcs(α) plot in two dimensions; (b) Illustration of m as a function of crystallographic 
orientation.  (c) The structural match between nucleus and substrate and the corresponding m.  Refer to 
(b) for the relative values of m1 and m2
 














cscs                                   (3.44) 
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min
csγ = minimal specific interfacial free energy at a given orientation α; 
ε = elastic modulus; 
p = Poisson constant; 
b = Burgers vector; 
α = misorientation angle. 

























sf                         (3.45) 
Evidently, an excellent structural match (γcs(α) →0, at α → 0) between the nucleating 
phase and the substrate leads to m→γsf /γcf . In the case where γsf  ≈  γcf , one has then 
→ 1, and f(m) → 0 (c.f. Eq.(3.24)), implying that  vanishes almost completely 
(c.f. Eq.(3.10)). This occurs only when the growth of the crystals is well oriented and 
ordered with respect to the structure of the substrate. In this case, an excellent 
epitaxial relation arises. 
*
heterG∆
As the structural match varies from a perfect to a poor match, m decreases from 1 to 
0, -1. The extreme case will be m→ -1, corresponding to the situation where no 
crystal-substrate correlation exits. This is the case when substrates exert almost no 
influence on nucleation, and nucleation is controlled by homogeneous nucleation 
kinetics. The nuclei emerging in this case are completely disordered, bearing no 
correlation to the substrate. One has then f(m,R’) = 1. 
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In general, as f(m,R’) varies from 0 to 1 (or m from 1 to -1), the interfacial structure 
correlation between the nucleating phase and the substrate changes from a completely 
correlated and ordered state to a completely uncorrelated and disordered state. 
Due to the anisotropy of the crystalline phase, the deviations from the optimal 
structural match position towards the secondary optimal structural match (the second 
lowest γcs(α) ) will adopt discrete values rather than exhibit a continuous change, 
which is the second lowest minimum of γcs in the orientation of {h’,k’,l’}. A similar 
principle holds for further deviations. Therefore, the deviations from the optimal 
structural match reflects the transition of m from m1 to lower and discrete values m = 
m2, m3, etc. (cf. Figures. 3.11(b) and (c)). 
In the case of nucleation promotion, the adsorption of additives on foreign particles 
will improve the interaction and/or the structural match between the substrate (foreign 
particles) and the nucleating phase. This will then result in m→1 and f → 0. Since for a 
given nucleation system, κ is constant under a given condition (see Eqs. (3.42) and 
(3.43)), such a change can then be identified from the lowering of the slope and the 
increase of the intercept of ln(τV) ~1/(T∆T 2) plot(cf. Eq.(3.42)). The shift from curve 0 
to curve 1 in Figure 3.12 illustrates this change. Conversely, if the adsorption of 
additives leads to a stronger repulsion and an interfacial structure mismatch between 
the substrate and the nucleating phase, one has then m→ -1 and f → 1. This 
corresponds to an increase in the nucleation barrier (cf.Eq.(3.20)). The effect can be 
identified from the increase in the slope f(m) of ln(τV) ~ 1/(T∆T 2) and the decrease of 
the intercept (from line 0 to line 2 in Fig.3.12). 
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Figure 3.12 Illustration of the effect of m on the nucleation kinetics.  The increase of m will lower the 
interfacial effect parameter f and the slope of the ln(τV) ~ 1/(T∆T 2)and vice versa 
 
Surface kinetics on ice nuclei Apart from overcoming the nucleation barrier, the 
nucleation of ice is also affected by the incorporation of H2O molecules onto the 
surface of ice nuclei at the kink sites (cf. Fig. 3.13(a)). The rate of kink kinetics is 
described by βkink.  βkink is associated with ∆G≠kink, the energy barrier to be overcome in 
order to remove other molecules adsorbed at the kink sites (cf. Fig. 3.13(b) and 3.14), 
and is given by  
                                 βkink ~ exp(- ∆G≠kink / kT )      (3.46) 
Obviously, the adsorption of additives on the surface of ice, in particular, at the kink 
sites (cf. Fig. 3.13(b)), will enhance ∆G≠kink by ∆(∆G≠kink) = ∆G≠’kink - ∆G≠kink (cf. Fig. 
3.14, ∆G≠’kink denotes the kink kinetics barrier attributed to the adsorption of 
impurities/additives on the surface). Consequently, the integration of H2O units in the ice 
crystal structure will be significantly slowed down or even terminated due to a very 
low βkink (or high ∆G≠kink) (cf. Eq. (3.46)). 
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Figure 3.13 (a) In the process of ice nucleation, water molecules enter kink sites on the ice surface (b) 
the adsorption of additives at the kink sites suppresses the approach of water molecules to the ice 




Figure 3.14 Enhancement of the kink kinetics barrier ∆(∆G≠kink ) = ∆G≠’kink - ∆G≠kink by the adsorption of 
additives at the kink site  
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According to Eq.(3.42), the variation in the intercept of the ln(τV) ~ 1/(T∆T 2) plot at a 
constant f(m) corresponds to a change in ∆G≠kink / kT,  as illustrated by Figure 3.15. 
 
Figure 3.15 Illustration of the change in kink kinetics and the corresponding shift in the ln(τV) ~ 
1/(T∆T2) plot.  The change in the kink kinetic coefficient βkink or the kink integration barrier will cause 
a parallel shift upward or downward, depending on whether there is nucleation inhibition or promotion 
 
It follows from Eq. (3.42) that for ice nucleation, the plot ln(τV) ~1/(T∆T 2) will give 
rise to a straight line for a given f(m) (and f’’(m)). The slope and intercept of the line 
can be utilized to derive the key parameters associated with the kinetics of ice 
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3.2 Freeze Effect of Some Additives 
 
3.2.1 Hydroxyapatite (HAP) 
Hydroxyapatite (Ca10(PO4)6(OH)2) is a major component and an essential ingredient 
of normal bone and teeth. It is a calcium phosphate mineral that is also found in rocks 
and sea coral. It has a similar hexagonal crystal structure as ice (cf. Figures 3.16, 3.17 




Figure 3.16 Hydroxyapatite molecule viewed along the C-axis.  The hydroxyapatite crystal forms in a 
direction parallel to the C-axis making a column of hydroxyl ions.  The CaI ions are shared between 
three adjacent similar hexagons, forming a series of repeating hexagonal units.  The entire crystal is a 
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Figure 3.17 C-centred cell of ice, projected on (001). To show the hexagonal symmetry b= 3 a 





Table 3.5 Comparison of HAP and ice crystal structure 
Crystal Symmetry Class Space Group Unit Cell Parameters 
HAP Hexagonal P 6(3)/m a = 9.4160 ,  c = 6.8830 
Ice Hexagonal P63/mmc a = 4.5214 , c = 7.3616 * 
* Temperature at 265 K 
 
Hydroxyapatite was prepared using the conventional polycrystalline method.  
10 Ca(NO3)2 + 6 (NH4)2HPO4 → Ca10(PO4)6(OH)2 
Solutions of Ca(NO3)2 (0.1 M) and (NH4)2HPO4 (0.06 M) in distilled water were 
prepared and then mixed. After the pH was adjusted to above 11 with a concentrated 
NH4OH solution, HAP crystals were formed in the solution.   
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Table 3.6 The effect of HAP crystals on the interfacial effect parameter and kink kinetic energy barrier 
for the nucleation of ice 
 
Curve κ f ∆(∆G≠kink/kT)add 
 
m 
DI water (20nm) 1.21×108 0.168 - 0.48 Region I 
HAP 0.127×108 0.166 ↑ 24.1 0.48 
DI water (20nm) 1.21×108 0.021 - 0.83 Region II 
HAP 0.127×108 0.0102 ↑  3.2 0.89 
DI water (20nm) 1.21×108 0.012 - 0.87 Region III 
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Figure 3.19 The correlation between ln(τV) and 1/(T∆Τ2) for HAP solution. The plot is divided into 5 
regions according to the supercooling ∆Τ 
 
 
As discussed above, as an ice nucleation substrate, foreign particle always lower the 
nucleation barrier by a factor f (cf. Eq.(3.20)). In the case of good structure match 
between the foreign particles and the nucleating ice, this will then result in m → 1 and 
f → 0. Since for a given nucleation system, κ is constant (see Eq. (3.43)), such a 
change can then be identified from the lowering of the slope and the increase of the 
intercept of ln(τV) ~ 1/(T∆Τ2) plot (cf. Eq.(3.42)).  Apart from the aforementioned 
effect, additives may also adsorb onto the surface of ice nuclei. According to 
Eq.(3.42), the variation in the intercept of the ln(τV) ~ 1/(T∆Τ2) plot at a constant f(m) 
corresponds to the change in ∆G≠kink / kT.  
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In our experiment, HAP crystals were added to the water solution as additives. It 
turns out that HAP can strongly enhance wetting between the nucleating ice and the 
foreign particles. This can be seen from the increase of m in regions II and III in 
Figure 3.19 and Table 3.6. The results given in Figure 3.19 and Table 3.6 show that 
HAP will also adsorb onto the growing ice nuclei. The adsorption will suppress the 
incorporation of water molecules into the ice nuclei so as to inhibit ice crystallization. 
This can be seen from the increase in the desolvation kink kinetics barrier ∆G≠kink in 
regions I, II and III in Figure 3.19.  
As shown in Table 3.5, ice and HAP crystals belong to the same symmetry class and 
similar space groups. Therefore it is not surprising that the structure match between 
the ice nucleating phase and the foreign particles becomes better when HAP crystals 
adsorb on the foreign particles or themselves and function as foreign particles. In this 
way, HAP crystals behave as an effective ice nucleation promoter. It is noticed that 
silver iodide, which is the first identified effective ice nucleator by Vonnegut in 1947, 
also has a crystal structure very close to that of ice. All these results and findings 
suggest that having similar structure and thus having a lattice match with ice may be 
one important criterion to select effective ice nucleation promoters.  
 
3.2.2 Lysozyme 
Hen egg-white lysozyme (Seikagaku, Japan) of molecular weight Mw=14k Dalton 
was chosen to examine the influence on water nucleation. 
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Figure 3.20 Schematic of lysozyme molecular structure. Lysozyme is a globular protein which has an 
ellipsoidal shape with a short axis 3 nm and a long axis 4.5 nm. Some of the amino acids in lysozyme 
are hydrophobic (dark grey) and some are hydrophilic (light grey) 
 
 
Lysozyme was added to deionized water at 0.05%wt. In Figure 3.21, ln(τV) was plotted 
versus 1/(T∆T2) for deionized water in the absence and in the presence of lysozyme at 
high supercoolings. The parameters calculated from the slopes and intercepts resulting 
from the linear regression for these systems are listed in Table 3.7. 













Figure 3.21 The effect of lysozyme on ice nucleation kinetics and corresponding shift in the ln(τV) 
~1/(T∆T2) plot
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Table 3.7. The effect of lysozyme on the interfacial effect parameter and kink kinetic energy barrier 
for the nucleation of ice  
 
Curve κ γcf f m ∆(∆G≠kink/kT) add
Deionized water 1.21×108 50.2 0.168 0.48 - 
Lysozyme 0.583×108 39.3 0.214 0.40 ↑ 9.3 
Experimentally, it follows from Fig.3.21 that lysozyme changes the slope and the 
intercept at relatively high supercoolings, compared with the deionized water in this 
region. The adsorption of lysozyme on the growing ice nuclei raises the desolvation 
kink kinetics barrier ∆G≠kink by 9.3kT (c.f. Table 3.7), which raises the intercept (from 
Eq.(3.42)) and inhibits nucleation. On the other hand, the presence of the lysozyme 
molecules on the surface of the ice nuclei also decreases the interfacial free energy γcf 
between the crystalline phase c and mother phase f. Based on Eq.(3.43), this change 
will lower κ , which gives a lower value for κf (slope of the curve) and induces 
nucleation promotion. This interfacial effect is so dominant that it surpasses the 
increase of the kink kinetics barrier ∆G≠kink, and results in the observed promotion 
effect of lysozyme on the ice nucleation at relatively high supercoolings. 
The surface activity of lysozyme is responsible for the decrease of the interfacial free 
energy γcf between the crystalline phase c and mother phase f. Surface–active agents 
normally consist of separate hydrophobic and hydrophilic portions in a molecule, i.e. 
amphiphilic molecules. Since proteins are composed of both hydrophobic and 
hydrophilic amino acids, most of them have an amphiphilic nature (Magdassi et al. 
1996). For example, AFP III (fish antifreeze protein type III) also exhibits surface 
activity and has lower interfacial free energy γcf compared with pure water. In 
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addition, this surface activity turns out to have a great impact on its antifreeze 
bahavior (For detailed discussions, see Section 3.3 and Chapter 4).  
 
3.3 Antifreeze Effect of Antifreeze Proteins  
 
3.3.1 Type III Fish Antifreeze Protein  
AFP III has a compact, angular structure in which the overall fold comprises 
numerous short β-strands and one turn of α-helix (cf. Figure 3.22).   
 
Figure 3.22 Globular AFP III molecule composed of β-strands and α-helix turn 
 
In our experiments, AFP III was added to deionized water at 0.05% and 0.25% by 
weight. As mentioned earlier, the adsorption of AFP III on the substrate (INs) and the 
impact on nucleation can be quantified from the ln( V) 1/(T T2) plot. The plots 
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obtained in the above experiments, using the plots of deionized water without the 
AFP III and with the AFP III are given in Figure 3.23. The slopes and intercepts 
resulting from the linear regression for these systems are listed in Table 3.8. It follows 
that ice nucleation is inhibited by AFP III (longer induction time) at the two 
concentrations. The two effects can be quantified by the change in the slopes and the 






 DI water 
 AFP III (0.5 mg/ml)






Figure 3.23 The effect of AFP III on the ice nucleation kinetics and the corresponding shift in the 




Table 3.8 The effect of AFP III on the interfacial effect parameter and kink kinetic energy barrier for 
the nucleation of ice 
≠ DI water: Deionized water  
Curve κ f(m) ∆G*/∆G*DI water+ m ∆(∆G≠kink/kT) add
DI Water≠  
 
1.21×108 0.17 1 0.48 - 
AFPIII 
(0.5 mg/ml) 




0.32×108 0.45 2.25 0.07 ↑ 13.9 
+  ∆G*/∆G*DI water =  f(m)AFP III / f(m)DI water
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Let us look at Figure 3.23 and Table 3.8 again. The adsorption of AFP III molecules on 
ice nucleators turns out to strongly disturb the structural match between the nucleating 
ice and the dust particles. This can be identified from the variation of m (or f(m)), 
which decreases from 0.43 to 0.2 and 0.07 and the enhancement of the nucleation 
barrier by a factor 1.75 and 2.25, for a 0.05%wt and 0.25%wt solution, respectively.  
The results given in Fig.3.23 and Table 3.8 show that AFP III will also adsorb onto the 
growing ice nuclei. This can be seen from the increase in the desolvation kink kinetics 
barrier ∆G≠kink (13.7kT for 0.05%wt solution, 13.9kT for 0.25%wt solution, cf. Table 
3.8).  
It is worth noting that the presence of the AFP III molecules on the surface of the 
embryos causes also the interfacial free energy γcf between the crystalline phase c and 
mother phase f to decrease. Based on Eq. (3.43), this change will lower κ  and induce 
nucleation promotion. However, our analysis shows that this promotion effect is not 
dominant compared to the other two inhibition effects caused by AFP III. 
So from the change in the nucleation kinetics of ice, we conclude that the AFP 
molecules should be able to adsorb both on the surface of ice nucleators and that of ice 
nuclei. This implies that in the reported experimental condition, AFP III should be 
surface active. Our results indicate that similarly to surfactant molecules, AFP 
molecules will accumulate and self-assemble on the surface of water. This is due to the 
fact that each AFP III molecule has both hydrophobic and hydrophilic portions (c.f. 
Fig. 3.24). When these molecules are introduced in the water, the hydrophobic 
dominant portion of the molecules will avoid water, consequently the molecules will 
assemble on the surface of water so as to have a portion pointing away from water (see 
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next chapter for details). Therefore, we suggest the amphiphilic property of AFP III 
may make a significant contribution to ice binding, together with hydrogen bond and 
van der Waals interactions (Chao et al. 1997), they result in a tight binding between 
AFPs and ice. 
 
 
Figure 3.24 Schematic of AFP III molecular structure. AFP III is a globular protein whose surface is 
composed of hydrophobic (light grey) and hydrophilic (dark grey) amino acids. The distribution of 
hydrophobic domain and hydrophilic domain is not uniform. This gives the molecule the surface 
activity 
 
Based on their surface active property, the adsorptions of AFP III molecules on the 
surface of ice nucleators and ice nuclei are illustrated by the models as shown in Fig. 
3.25 and 3.26. 
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Figure 3.25 Illustration of adsorption of AFP III molecules on the interface of ice nucleator (IN) and 
liquid and the suppression of water molecules approaching the IN surface 
 
 
Figure 3.26 Illustration of adsorption of AFP III molecules on the ice surface and suppression of water 
molecules approaching the ice surface 
It was reported that the ice-binding site of AFP III is composed of hydrophilic, solvent-
exposed residues that were exposed on one face of the protein (Chao et al. 1994). So 
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here we suggest that the AFP III molecules adsorb on the surface of ice nucleators 
(INs) and ice nuclei by their hydrophilic residues (cf. Figs.3.25 and 3.26), so that the 
hydrophobic portion on the other side may suppress the incorporation of water 
molecules into the INs and ice nuclei so as to inhibit ice crystallization.  
 
3.3.2 Type I Fish Antifreeze Protein  
Type I antifreeze proteins are characterized in that they are rich in alanine (> 60%), 
possess a highly helical structure, and contain 11-residue repeat sequences that 
commence with threonine. Proteins in this class were first isolated from the blood 
serum of the winter flounder, Pseudopleuronectes americanus. Two major proteins 
have been isolated from the winter flounder (Duman et al. 1974). These are denoted 
in the literature by HPLC6 and HPLC8 (Hew et al. 1984). 
 
 
Figure 3.27 Structure of HPLC6 (light grey denotes hydrophobic amino acids, dark grey denotes 
hydrophilic amino acids 
 
 
In our experiment, AFP I was added to water at 10 mg/ml concentration. The results 
given in Figure 3.28 show that AFP I can strongly inhibit ice nucleation (longer 
induction time τ). It turns out that AFP I molecules may adsorb onto the growing ice 
nuclei. This adsorption will suppress the incorporation of water molecules into the ice 
nuclei so as to inhibit ice crystallization. This can be seen from the increase in the 
desolvation kink kinetics barrier ∆G≠kink in regions I and II in Figure 3.28 and Table 
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3.9. On the other hand, it is noticed that f decreased for 10mg/ml AFP I solution 
compared with deionized water. It is known from experimental results on AFP III that 
protein aggregation causes a decrease in f at a concentration > 2.5 mg/ml. We therefore 
propose, in analogy with our previous results, the decrease in f observed in the 
experiment on AFP I at a concentration equal to 10 mg/ml, is caused by the formation 
of AFP I aggregates. Due to the limited quantity of AFP I sample, we did not test the 
aggregation of AFP I at this concentration. A detailed discussion of the aggregation of 
AFP III and its relation to the antifreeze mechanism is given in the next chapter.  
 

















 AFP I (10 mg/ml)
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Table 3.9 The effect of AFP I on the interfacial effect parameter and kink kinetic energy barrier for the 
nucleation of ice  
 
 
Curve κ f ∆(∆G≠kink/kT)add 
 
m 
DI water (20 nm) 1.21×108 0.168 - 0.48 Region I 
AFP I (10 mg/ml) 0.127×108 0.104 ↑ 17.4 0.60 
DI water (20 nm) 1.21×108 0.021 - 0.83 Region II 
AFP I (10 mg/ml) 0.127×108 0.012 ↑  4.3 0.87 
 
 
It was suggested that the binding mechanism between AFP I and ice is based upon the 
α-helical backbone matching the ice surface structure and the matching of the 
sidechains of polar/charged (hydrophilic) residues with specific water lattice positions 
on the ice surface (Wierzbicki et al. 1996). Here we suggest that the adsorption of 
AFP I on the surface of ice nuclei and the surface of foreign particles may be due to 
its amphiphilic property. As an amphiphilic molecule, just as the AFP III molecule, 
AFP I can adsorb onto the ice/ water interface and the ice/ foreign particle interface. 
In addition, we agree that it is the hydrophilic amino acids that bind to the ice surface. 
In this way, the hydrophobic amino acid on the other side of the AFP I surface may 
drive away the approaching water molecules, thus ice nucleation and growth can be 
suppressed.  
3.3.3 Spruce Budworm Antifreeze Protein 
As introduced in Chapter 1, although AFPs were first discovered in fish, the 
antifreeze proteins from insects exhibit a much higher antifreeze activity than the fish 
AFPs. AFPs have been characterized in three insects, and each species contains 
multiple AFP isoforms.  The insect spruce budworm (Choristoneura fumiferana, see 
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Figure 3.29 (a)) produces a number of isoforms of its highly active antifreeze protein 
(CfAFP). Among various isoforms of CfAFP, one 12.5kDa isoform has been 
characterized (namely 501 or CfAFP-501) CfAFP-501 is a left-handed β-helix (see 
Figure 3.29 (b)). It has been proposed that the two-dimensional Thr (hydrophilic 
amino acid) array on one face of the protein forms the ice-binding sites (Leinala et al.  
2002). 
        (a)  (b) 
Figure 3.29 (a) The picture of Choristoneura fumiferana  (b) Schematic of sbw AFP molecular 
structure. Its surface is composed of hydrophobic (light grey) and hydrophilic (dark grey) amino acids 
(including Thr) 
 
In our experiment, CfAFP-501 was added to water at 0.5 mg/ml concentration. It turns 
out that CfAFP-501 molecules have a stronger adsorption on the growing ice nuclei 
and ice nucleators than AFP I and AFP III do. The adsorption will suppress the 
incorporation of water molecules into the ice nuclei and ice nucleators. This can be 
seen from the increase in the desolvation kink kinetics barrier ∆G≠kink as well as f(m) 
(see Fig.3.30 and Table 3.10).  
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Figure 3.30 The effect of CfAFP-501 on the ice nucleation kinetics and the corresponding shift in the 




Table 3.10 The effect of CfAFP-501 on the interfacial effect parameter and kink kinetic energy barrier 
for the nucleation of ice 
 
Curve κ f ∆(∆G≠kink/kT)add 
 
m 
DI water (20 nm) 1.21×108 0.168 - 0.48Region I 
CfAFP-501(0.5 mg/ml) 0.49×108 0.460 ↑ 17.3 0.05
DI water (20 nm) 1.21×108 0.021 - 0.83Region II 
CfAFP-501(0.5 mg/ml) 0.49×108 0.048 ↑  4.3 0.73
 
Our work suggests that the higher activity of CfAFP-501, as compared with AFP I and 
AFP III, is due to the stronger adsorption of CfAFP-501 onto the surface of ice and 
INs.  This stronger adsorption may result from the regular repeat pattern of 
hydrophilic/hydrophobic amino acids on the surface of this β-helical protein, and 
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3.4 Summary 
 
In summary, we have quantified the inhibition effect of AFPs and the promotion 
effect of some other additives on ice nucleation. This effect is caused by the 
interaction between AFPs and ice nuclei/crystals, as well as that between AFPs and 
foreign particles (INs). The adsorption of AFPs on the surface of foreign particles and 
the growing ice will inhibit the integration of water molecules onto these surfaces. 
These two effects can be identified from the increase of the ice nucleation barrier and 
the desolvation kinetics barrier. In addition, we suggest that the amphiphilic property 
may be a common characteristic of all these AFPs (AFP III, I and CfAFP-501), and it 
could be one of the reasons why those proteins have a unique antifreeze function. 
This new understanding of the antifreeze mechanism of AFPs has never been 
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AGGREGATION OF ANTIFREEZE PROTEINS AND 




4.1.1 The role of hydrophobic groups of AFP III on protein-ice interactions 
AFP III (type III fish antifreeze protein) exhibits a compact fold with a relatively 
large hydrophobic core, several short and irregular β sheets and one helical turn (see 
Figure 3.15). The ice-binding sites of AFP III (see Figure 4.1) were identified by site-
directed mutagenesis after targeting conserved, hydrophilic, solvent-exposed residues 
that were exposed on one face of the protein (Chao et al. 1994).  
However, the whole ice-binding surface is relatively hydrophobic (see Figure 4.1(a)), 
and the potential for the hydrophilic side chains to form hydrogen bonds with ice is 
limited. The tight packing of the side chains on this surface would not allow them to 
project into the ice surface or even to change orientations to so as adopt a more 
favorable conformation. The particular side-chain conformations limit the number 
and strength of possible protein–ice hydrogen bonds. This suggests that other entropic 
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and enthalpic contributions, such as those arising from hydrophobic groups, could 
play a role in the high-affinity protein-ice adsorption (Sönnichsen et al. 1996).  
Hydrophobic attractions among apolar solutes can be attributed to entropic effects 
among the solvent molecules (Tanford 1991). Water molecules close to apolar solutes 
lose part of the rotational freedom due to the lack of hydrogen bonding towards the 
apolar solutes. The solute molecules thus tend to aggregate to reduce their total 
solvent accessible surface area. Therefore the hydrophobic interaction is due to the 
disruption of the entropy of the hydrogen bonding with water. This interaction plays a 
pivotal role in many events at room temperature such as protein-folding, molecular 
recognition, membrane stability and surface interaction. These events have been 
ignored largely in studies of the mechanism of antifreeze proteins. Here, the 
hydrophobic effect could provide significant contributions towards the adsorption 
despite being attenuated by the lower temperature (Sönnichsen et al. 1996). This 
hydrophobic effect of the AFP III can manifest itself as surface activity on the water 
surface, which can be measured by Tensiometer. Furthermore, the adsorption 
behavior of AFP III on ice / foreign particles due to the hydrophobic effect can be 
studied by measuring their surface activity.   
Apart from providing sufficient interactions for binding to ice / foreign particles, the 
hydrophobic amino acids around the hydrophilic binding site can repel water 
molecules further afield when approaching the surface of ice/ foreign particles. In this 
way the ice nucleation and growth are inhibited by the antifreeze proteins.  
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Figure 4.1 The binding face of the AFP III molecule to the ice surface. (a) This flat face is composed 
of hydrophobic (dark grey) and hydrophilic (light grey) amino acids. (b) The binding site is composed 
of hydrophilic, solvent-exposed residues including Gln9, Asn14, Thr15, Thr18 and Gln44   
 
4.1.2   Amphiphilic Nature of Proteins 
Surface–active agents normally consist of separated hydrophobic and hydrophilic 
portions in a molecule, i.e. amphiphilic molecules. Since proteins are composed of 
both hydrophobic and hydrophilic amino acids, most of them have an amphiphilic 
nature (Magdassi et al. 1996). The AFP III (see Figure 3.17) has both hydrophobic 
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and hydrophilic amino acids on the surface of the molecules. Since the entropic 
penalty for hydrating non-polar molecules is high, the aqueous solution will seek 
ways to minimize contact with the hydrophobic groups on the protein surface. As a 
consequence, the protein will behave as amphiphilic molecules and exhibit surface 
activity by adsorbing on the air/water interface (see Figure 4.2).  
 
 
Figure 4.2 Illustration of AFP III adsorption at the air-water interface 
According to the Gibbs equation (Adamson 1990), the surface excess of AFP in the 
dividing surface under study, Γadd, is expressed as 





1 γ−=Γ                                                                               (4.1)                     
(R: gas constant; aadd: activity of AFP in the aqueous solutions, aadd = Cprotein for dilute 
protein solutions). The adsorption of the AFP on the surface of water will give rise to 
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a decrease in the surface tension. Similarly to normal amphiphilic molecules, if AFPs 
start to aggregate, a change in surface tension γ ∼ lnc should be observed (cf. Eq.(4.1) 




Figure 4.3. Use of Gibbs equation to determine the surface adsorption from the variation of the surface 
tension with concentration. The accumulation of AFP III on the surface leads to a lowering of the 
surface tension γ. When the surface is fully occupied (saturated) by AFP III molecules, γ will then 
reach its minimum. The minimal point of the curve is defined as the critical aggregation concentration 
(CAC) of the AFP 
 
 
4.2 Aggregation of AFP III Detected by Multiple Techniques 
4.2.1 Surface Tension Measurement 
The surface tension measurements were performed for 10 AFP III solutions with 
different concentrations using the Single Fibre Tensiometer (Model K14, Kruss). All 
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our measurements last 3 hours for the AFP III solutions to reach their equilibrium on 
the surface as well as in the bulk solution.  
The surface activity of AFP III is characteristically indicated by the drop of the surface 
tension with concentration shown in Figure 4.4. The minimal point in Figure 4.4 
indicates the saturation of the AFP III packing on the water-air interface and the 
aggregation of the AFP III inside the bulk solution. The concentration at which the 
surface tension reaches its minimum is defined as the Critical Aggregation 
Concentration (CAC). For the AFP III, the CAC is 2.5 mg/ml as shown in Figure 4.4. 
The increase of surface tension γ above CAC in the plot of the surface tension against 
concentration is often taken as an indication of the presence of impurities in the 
proteins (Clint 1992).  
 
 
Figure 4.4 Surface tension as a function of AFP III concentration. The accumulation of AFP III on the 
surface leads to a lowering of the surface tension γ until the surface is fully occupied (saturated) by 
AFP III molecules at 2.5 mg/ml (CAC) 
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4.2.2    Dynamic Light Scattering  
To further investigate the existence of antifreeze protein aggregates, the diameter of 
the proteins in aqueous solution are measured using Dynamic Light Scattering. The 
Brookhaven light scattering instrument is equipped with a BI9000AT correlator. He-
Ne laser (λ= 632.8 nm) from Spectra Physics, Model 127 (60 mW), was used as the 
light source.  
The Size difference between <2.5mg/ml and >2.5mg/ml is clearly identified in Table 
4.1 and Figure 4.5. At lower concentrations (<2.5mg/ml), the size of the protein 
molecules is 1.2 nm. They should be AFP III monomers inside the solution according 
to their actual protein size (6.5 kDa). As the concentration of AFP III began to exceed 
2.5mg/ml, the molecules started to aggregate into clusters with an average diameter ≈ 
2.9 nm. It is noticed that this concentration (2.5 mg/ml) is exactly the same 
concentration as CAC. Therefore these results clearly demonstrate the aggregation of 
AFP III in aqueous solution at CAC.  
 
Table 4.1 The size of AFP III molecules measured by Dynamic Light Scattering (DLS) 
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(a) 
(b) 
Figure 4.5 The size and the size distribution of AFP III monomers and aggregates in DI water 
solutions filtered by 20 nm filters. (a) at AFP III concentration CAFP III = 1mg/ml, only monomeric 
protein molecules (~1.1nm) exist in the solution (b) at AFPIII concentration CAFP III ≥ 2.5mg/ml, apart 
from a small quantity of the monomeric molecules, AFP III molecules will aggregate to form clusters 
with an average diameter of 2.9nm  
 
4.3 Correlation of Aggregation to Antifreeze Kinetics   
Among the various factors that may affect the surface activity of proteins, 
hydrophobicity is a dominant parameter (Magdassi et al. 1996). It is found that the 
hydrophobicity of AFP III is quite high judged by amino acid compositions 
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(Sonnichsen et al. 1995). Thus it comes as no surprise that AFP III has a high surface 
activity. Recently, more reports suggested that hydrophobic residues of AFP III 
contribute to the ice binding property and thus the hydrophobic interactions are 
important for antifreeze activity (Baardsnes et al. 2002). It is therefore reasonable to 
consider the existence of antifreeze protein aggregates at not very low concentration 
and study their correlation to the antifreeze mechanism. 
In our experiments, AFP III were added to deionized water at 0.5, 1.5, 2, 2.5, 2.75, 3, 
3.25, 3.5, 4, 5 mg/ml concentration. When AFP molecules adsorb on the INs, the 
interaction and the structure match between INs and the nucleating phase will be 
significantly altered. As mentioned earlier, this adsorption on the INs and the impact 
on nucleation can be quantified from the ln(τV) ∼1/(T(∆Τ)2) plot (cf. Figure 4.6). 
According to Eq.(3.1), the slope of the ln(τV) ∼1/(T(∆Τ)2)  plot is κf(m). In Regime 
V, inverse homogeneous like nucleation takes place (f(m, R) = 1), and hence one has 
κf(m) = κ (Liu et al. 2004). As regards the other regions, f(m) can be calculated by 
dividing the slope by κ. By eliminating the amount by which f(m) (f’’(m)) has 
changed, ∆(∆G≠kink/kT)add can be calculated from intercept of ln(τV) ∼1/(T(∆Τ)2)  
plot. Thus from the slopes and the intercepts resulting from the linear regression for 
these systems, f(m) and  ∆(∆G≠kink/kT)add could be calculated, and were plotted in 
Figure 4.7(a) and 4.7(b). 
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Figure 4.6 The correlation between ln(τV) and 1/(T(∆Τ)2) for 2.5 mg/ml AFP III solution. The plot is 
divided into 5 regions according to the supercooling ∆Τ 
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    Fig.4.7 (a) 
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Figure 4.7 The plot of the variation of (a) f(m) and (b) ∆(∆G≠kink/kT)add with respect to the AFP III 
concentration 
    
The adsorption of AFP III molecules on INs turns out to strongly disturb the wetting 
between the nucleating ice and INs. This can be identified from the variation of f(m) 
in region I in Figure 4.7(a). The other two plots for Regions II and III in Figure 4.7(a) 
show slight variations. This can be explained based on the size of critical nucleus at 
these low supercoolings. According to Eq.(3.3), the radius of a critical nucleus rc is 
proportional to 1/∆Τ. Thus rc is large at low supercoolings (regions II and III) and 
larger than the size of the AFP III. So AFP III affects only slightly the wetting 
between ice nucleating phase and the INs.  The results given in Figure 4.7(b) show 
that the AFP III will also adsorb onto the growing ice nuclei. The adsorption will 
suppress the incorporation of water molecules into the ice nuclei so as to inhibit ice 
crystallization. This can be seen from the increase in the desolvation kink kinetics 
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barrier ∆G≠kink in region I in Figure 4.7(b). In a similar way, AFP III exerts a slight 
influence in Regions II and III.   
It is noted that in region I, f reached its peak value at 2.5 mg/ml concentration (CAC). 
Interestingly at the same time, ∆G≠kink went through a sharp rise at the same 
concentration. This suggests that the adsorption-inhibition mechanism has undergone a 
large change by the AFP III at CAC.  
At lower concentrations (<2.5 mg/ml), when there is no aggregates formed in the 
solutions, the adsorbed AFP III molecules on the INs are few (cf. Figure 4.8(a)). With 
the increase of the AFP III concentration, more such AFP III monomers adsorbed onto 
the INs. These adsorptions of AFP III monomers on INs turn out to strongly disturb the 
structural match between the nucleating ice and the INs (cf. Figure 4.9(a)), thus f(m) 
increased. However, as the AFP III concentration increases further (>2.5 mg/ml), as 
shown by the result of the surface tension and DLS, the AFP monomers will aggregate 
to form oligomers. Due to the fact that the aggregation tends to minimize the contact 
between the aqueous solution with the hydrophobic groups on the surface of the 
protein, the exposed surface of those AFP III molecules is hydrophilic. This results in 
the occurrence of new ice nucleators in the form of AFP III aggregates, thus the 
wetting between ice and INs becomes better (f decreases).  
In contrast, as shown in Figure 4.7(b), ∆G≠kink behaves differently from f at 2.5 mg/ml 
concentration (CAC). As mentioned in the section on Theory (see Section 3.1.2.3), 
∆G≠’kink refers to the kink kinetics barrier attributed to the adsorption of 
impurities/additives (AFP III molecules) onto the ice surface. The integration of H2O 
units into the ice nucleus will be significantly slowed down or even terminated due to a 
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high ∆G≠kink (see Figure 4.9(b)). Consequently, the sharp rise of ∆G≠’kink at CAC in 
Figure 4.7(b) suggested that more AFP III molecules adsorbed onto the surface of ice 
nuclei, and that the AFP III molecules began to pack optimally on the ice surface. As 
shown in Figure 4.7(b), this optimal packing was optimally accomplished above CAC 
(around 3.5 mg/ml). As illustrated by Figure 4.9(b), the covering by AFP III on the 
surface of ice nuclei will stop the further approach of water molecules and thus the 
antifreeze activity will be enhanced at CAC. In the same way, the growth of ice crystals 
could also be inhibited by this optimal packing of the AFP III molecules on the ice 
crystals at or above CAC. 
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  (b) 
Figure 4.8(a) Illustration of the adsorption of AFP III molecules on the interface of the ice nucleator 
(IN) and the liquid, and the suppression of water molecules approaching the IN surface (b) Illustration 
of the adsorption of AFP III molecules on the ice surface and suppression of water molecules 
approaching the ice surface 
 
 
 Fig.4.9 (a) 
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  (b) 
Figure 4.9 (a) Newly formed ice nucleators (INs) as AFP III aggregates at CAC. These new INs will 
improve the wetting between ice and INs (b) The optimal packing of AFP III molecules on the ice 
surface accomplished above CAC. This optimal packing suppresses the further approach of water 
molecules on the ice surface effectively 
 
4.4 Summary 
In summary, AFP III molecules will aggregate in aqueous solution at CAC due to their 
amphiphilic nature, which is not surprising in view of their high hydrophobicity, as 
evidenced by their amino acid compositions. This high hydrophobicity is further 
suggested to be the general feature of all four types of fish antifreeze proteins 
(Sonnichsen et al. 1995). Since hydrophobicity is a dominant parameter among the 
various factors that may affect the surface activity of the protein (Magdassi et al. 1996), 
this may imply that aggregation in aqueous solution is a common characteristic of all 
the fish antifreeze proteins. It is found that the ice nucleation kinetics can be modified 
at CAC by two effects. First, the aggregates appearing in solution may work as ice 
nucleators. Thus it is suggested that the aggregation should be suppressed for AFP to 
inhibit ice nucleation. The second effect, which is the dominant effect, is that more 
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AFP III will adsorb onto the surface of the ice nuclei and reach their optimal packing to 
inhibit ice nucleation at or above CAC. In this way, AFP III exhibits an enhanced 
inhibition effect on ice nucealtion at CAC.  
It should be noticed that as the rate of surface integration at the stage of nucleation 
and growth is almost the same, the impact of the AFP III on the surface integration 
during ice growth will be the same as during ice nucleation. Therefore, based on the 
above result, we can conclude that as shown by Figure 4.9 (b), the growth inhibition 
efficacy of the AFP III will be significantly enhanced at CAC. This conclusion is 
particularly important for the selection of the optimal concentration of AFP in our 
antifreeze experiment. Another important point to be highlighted here is that as the 
type and concentration in an aqueous solution of electrolyte as well as pH often affect 
the value of CAC, we can also anticipate that the changes of the above conditions will 
inevitably modify the efficacy of antifreeze of AFPs. This aspect of work will be 












THE ROLE OF ELECTROLYTE ON ANTIFREEZE 




As discussed in Chapter 4, AFPs can inhibit the ice nucleation process by adsorbing 
onto the surfaces of ice and of foreign particles. It shows that the antifreeze activity 
depends on the adsorption behavior of AFPs on the interface. It was found that apart 
from hydrophobicity, the surface charge of the protein molecule is another important 
factor affecting surface activity and adsorption behavior of proteins. In nature, 
electrolyte compounds are commonly found in the plasma of fish and other organisms. 
Therefore, in order to obtain a better understanding of the antifreeze mechanism of an 
antifreeze protein in vivo, the effect of Ca(NO3)2 on the antifreeze mechanism of AFP 
III was studied in this chapter. In addition, we examined the role Ca(NO3)2 plays in 
changing the interaction between AFP III molecules, by using a surface tensiometer 
and fluorescence spectroscopy.  
5.1.1   Electrolyte Content in Fish Blood 
The discovery of antifreeze proteins (AFPs) and glycoproteins (AFGPs) three decades 
ago yielded the explanation for survival of teleost fish at temperatures below the 
colligative freezing point (Scholander et al. 1957).  In most temperate marine fishes 
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sodium chloride accounts for 80-90 percent of the freezing-point depression of serum 
(Gordon 1964); however, in Antarctic fishes less than half of the freezing-point 
depression of serum could be attributed to sodium chloride (DeVries 1969). 
Antifreeze Protein accounts for 30 percent of the freezing point depression of the 
serum (cf. Table 5.1). Some other substances may also contribute to the freezing-
point depression, such as other salts, urea, and free amino acids in the fish serum.  
 




Fish and other vertebrates have a common characteristic. The salt content of their 
blood is almost identical. Fish blood has a salinity of approximately 9 g/l (a 0.9% salt 
solution) and a pH of 7.4. Approximately 77% of the salt in blood is sodium chloride. 
The remainder is made up primarily of bicarbonate, potassium and calcium. Calcium 
and magnesium are essential in the biological processes of fish (bone and scale 
formation, blood clotting and other metabolic reactions). Fish can absorb calcium and 
magnesium directly from the water or from food, and the free calcium concentration 
in fish blood is about 100 mg/L.  
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5.1.2   The adsorption behavior of AFP III modified by electrolytes  
Proteins are macromolecules that are composed of a mixture of polar and nonpolar 
side chains and may have a net electric charge. Therefore, these molecules tend to 
adsorb strongly onto the interfaces, such as air-liquid or solid-liquid, hence reduce the 
surface energy (or surface tension) of the system. There are several factors that can 
affect the surface activity of a protein. These factors lead to significant differences 
between various proteins. Generally, the surface activity is derived from the amino 
acid sequences of each protein and from the possible attachment of various segments 
to the interface. The main parameters that cause the surface activity to vary are 
molecular size, amphipathicity and hydrophobicity, protein flexibility and surface 
charge. Among these factors, the surface charge of a protein is one of the parameters 
that is most easily changed by external conditions, such as the pH of the solution and 
electrolyte ions which coexist with these protein molecules.  
Experimentally, adding an electrolyte may reduce the “net charge” of the protein 
molecules and result in the minimization of the electrostatic interactions between the 
charged adsorbed molecules. This effect is called the “screening effect” as illustrated 
in Figure 5.1.  
Figure 5.1 shows schematically what the electrostatic potential φ, in the vicinity of a 
negatively charged surface is expected to look like. The positive counterions are 
attracted towards the surface by the electrostatic potential generated by the negative 
charges. The end result is usually a compromise in which some positive ions are 
bound strongly to the particle surface and the concentration of the remaining cations 
falls off gradually away from the particle until it approaches the bulk concentration. 
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This charge arrangement is referred to as the diffuse electrical double layer near the 
surface and its extent into the bulk depends on the electrolyte concentration: 
increasing the amount of the electrolyte causes initial electrostatic potential φ0 to 
decrease and the diffuse double layer to shrink closer to the surface (cf. Figure 5.1). 
Therefore, the repulsion between the AFP III molecules will be reduced when an 
electrolyte is added into the solution, due to the screening effect. Thus the AFP III 
molecules can pack closer to each other at the ice/foreign particle interface and 
ice/fluid interface.  
The zeta potential, which can be experimentally determined (see Section 5.2.2), 
reflects the effective charge on the particles and therefore it is used to describe the 
electrostatic repulsion between charged particles. . 
 
   Figure 5.1   
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Figure 5.1 The change in potential as a function of distance and electrolyte concentration at constant 
surface charge density (Olphen 1963) 
 
5.2 The Effect of Ca(NO3)2 on the Interaction between AFP III 
Molecules and the Unfolding of AFP III 
 
5.2.1    Surface Tension Measurement 
According to our previous measurement (see Chapter 4), the CMC for AFP III is 
2.5mg/ml.  In order to study the influence of Ca(NO3)2 on the saturated surface of an 
AFP III solution, we kept the AFP III concentration as constant at 3mg/ml. The 
surface tension measurements were performed for all the 16 AFP III solutions with 
different Ca(NO3)2 concentrations using a Single Fibre Tensiometer (Model K14, 
Kruss). All our measurements lasted 3 hours since the AFP III solutions requires that 
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long to reach their equilibrium configuration on the surface as well as in the bulk 
solution.  
As shown in Figure.5.2, the surface activity of AFP III was analyzed in the presence 
of Ca(NO3)2. It is noticed that the addition of 10mM Ca(NO3)2 resulted in the surface 
activity of AFP III solution reaching its maximum (the surface tension reached its 
minimum), which suggests that the modified surface activity of AFP III by Ca2+ and 
NO3- ions got saturated at a concentration of 10mM. This saturation point may 
correspond to the most compact mode of AFP III molecules adsorbing on the 
air/water interface in response to Ca(NO3)2. Because the surface activity indicates the 
interfacial property of protein molecules, it is expected that the AFP III will exhibit 
similar interfacial properties at other interfaces, such as the ice / foreign particles 
interface and the ice/ liquid interface.   
Upon a further increase of the Ca(NO3)2 concentration, the saturated surface activity 
dropped sharply (the surface tension increased) and reached its minimum at a 
concentration of 1M. The fluorescence emission spectrum suggests that the change of 
surface tension in this part is due to the unfolding of the AFP III molecules (see 
Section 5.2.3).   
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Figure 5.2 The surface activity of AFP III molecules in the presence of Ca(NO3)2 measured by the 
surface tension experiment (T = 23°C). The accumulation of AFP III on the solution surface leads to 
the lowering of the surface tension γ, i.e., γ decreases with the increase of the adsorption area of AFP 
III molecules. The surface tension increases, implying that the surface activity decreases 
 
5.2.2    Zeta Potential Measurement 
To check the influence of Ca(NO3)2 on the surface charge of the AFP III molecules 
and the repulsion forces between them, the zeta potentials of the AFP III solutions are 
measured by the zetasizer (Malvern, UK) for 6 Ca(NO3)2 concentrations.  As shown 
in Figure 5.2, the AFP III molecules are negatively charged when there is no 
Ca(NO3)2  inside the solution.  By adding Ca(NO3)2  into the AFP III solution, the net 
charge of the AFP III molecules reaches zero and then become slightly negative with 
further addition of Ca(NO3)2 . This suggests that when more positive ions (Ca2+ ions) 
become attracted to the negatively charged protein surface, the AFP III molecules 
become neutralized. In this way, the electrostatic repulsion forces between the protein 
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molecules reach their minimum, enabling these protein molecules to pack more 
tightly at the interfaces. It follows from Figure 5.2 and Figure 5.3 that the minimum 
surface tension is reached when the repulsions among the AFP III molecules are the 
lowest in a 10 mM  Ca(NO3)2 solution. This suggestes that the electrolyte can 
minimize the interactions between the protein molecules by decreasing their surface 
charge and allowing them to pack closely to one another when they are adsorbed onto 
the interfaces. 
  























Figure 5.3   Plot of the zeta potential of the AFP III solution (3mg/ml) against the concentration of 
Ca(NO3)2
 
5.2.3    Fluorescence Emission  
Fluorescence spectra were recorded on a Cary Eclipse Fluorescence 
spectrophotometer. The excitation wavelength was set at 279nm and the emission was 
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recorded from 300-500 nm at 1-nm intervals. Slit widths were 5nm for both excitation 
and emission. The spectrum for AFP III (3 mg/ml) was obtained and recordings were 
repeated following the addition of the Ca(NO3)2 stock solution. 
Fluorescence studies were carried out on AFP III to investigate the effects of 
Ca(NO3)2 on the perturbations in the tyrosine chromophore. Upon addition of 
Ca(NO3)2, there appeared a sharp decrease in the tyrosine fluorescence at high 
concentrations (see Figure 5.4). Compared with those of the emission peak at 10mM 
Ca(NO3)2, the decreased emission intensity and redshift of the emission wavelength 
(from 337nm to 342nm) at 1 M Ca(NO3)2 concentration indicated the unfolding of the 
AFP III molecules at this high Ca(NO3)2 concentration. These unfolded molecules at 
the air/water interface allow the polypeptide chains to orient themselves with most of 
the polar groups in the water phase and most of the nonpolar groups towards the air 
phase. In this way the adsorption area by AFP III molecules at the air/water interface 
increases as the AFP III continues to unfold. So from a Ca(NO3)2 concentration of 1 
M onwards, the surface tension began to drop again. 
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Figure 5.4 Fluorescence emission spectral changes at 22 ± 1°C in AFP III solution with low and high 
Ca(NO3)2 concentrations 
 
5.3 The Role of an Electrolyte on Antifreeze Activity of Antifreeze 
Proteins 
As shown in Figure 5.5, ln(τ V) is plotted vs 1/(T T∆ 2) for the following systems: DI 
water filtrated by a 20nm filter (Curve a), 3mg/ml AFP III solution (Curve b), 3mg/ml 




 (Curve d). Curve a shows at low  T∆   (high 1/ (T 2T∆ )) a straight 
line segment (line 2) with the largest slope within the measurable range of  T∆ ,  
whereas at high    (low 1/(TT∆ T∆ 2)) it shows a straight line segment (line 1) with a 
much smaller slope. The two straight line segments meet at point A (see Fig.5.5).  
This implies that the nucleation barrier rises abruptly to the highest level (∆G*≈ 
, f(m,R’) = 1) so that ice nucleation becomes extremely difficult after point A. 
So here we define the temperature at point A as the “actual freezing temperature” of 
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similar characteristics and their “actual freezing temperatures” can be measured as 
well. The values of the actual freezing temperatures for various systems are listed in 
Table 5.2. As can be seen from this table, the AFP III exhibited a higher antifreeze 
activity after adding Ca(NO ) . Also, as the Ca(NO )3 2 3 2 concentration increase, the 
antifreeze activity was enhanced. In addition, as shown in Table 5, the decreased 
freezing temperature by 3mg/ml AFP III with 10 mM Ca(NO )3 2 solution (= 2.3°C) is 
lager than the sum of those by 3 mg/ml AFP III (= 1.2°C) and 10 mM Ca(NO )  
solutions
3 2
 (= 0.5°C). This confirmed that enhanced antifreeze activity is not caused by 
AFP III and Ca(NO )  ions separately, and Ca(NO )  may enhance the antifreeze 
efficacy of AFPs by changing their adsorption behavior. This is the same case for 
3mg/ml AFP III with 100 mM Ca(NO )
3 2 3 2
3 2
 solution (3.0 °C >1.2 °C + 0.8 °C).  Details 



















 AFP III +10 mM Ca2+




Figure 5.5 The correlation between ln(τ V) and 1/(T T∆ 2) for DI water filtered by a 20nm filter (Curve 
a), 3mg/ml AFP III solution (Curve b), 3mg/ml AFP III solution with 10mM Ca2+ (Curve c) and 
3mg/ml AFP III solution with 100mM Ca2+ (Curve d)  
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Table 5.2. The measured actual freezing temperature for different systems 
 Actual freezing 
temperature (°C) 
Decreased freezing temperature 
(compared with DI water, °C ) 
DI Water (20 nm filter) - 38.7 - 
AFP III (3mg/ml) - 39.9 1.2 
10 mM Ca(NO3)2 - 39.2 0.5 
100 mM Ca(NO3)2 -39.5 0.8 
AFP III (3mg/ml)  
+10 mM Ca(NO3)2
- 41.0 2.3 
AFP III (3mg/ml)  
+100 mM Ca(NO3)2
- 41.7 3.0 
                  
As shown in Figure 5.6, ln(τ V) can be plotted vs 1/(T T∆ 2) as a set of straight lines at 
relatively high supercoolings. The decrease in the nucleation barrier by the foreign 
particles, which is described by f(m) (or m), can be identified from the slope of the 
ln(τV) vs 1/(T∆Τ 2)  plot (cf. Eq.3.42).  As described above, in order to inhibit ice 
nucleation, any antifreeze agent should be able to disrupt the interaction/match (m) 
between the ice nuclei and the foreign bodies. As expected, m decreased when a 
mixture of AFP III and Ca(NO3)2 was added as shown in Table 5.3. It is noticed that 
the match became worse (m decreased) when the concentration of Ca(NO3)2 in the 
AFP III solution was 10mM, but the match improved (m increased) at a Ca(NO3)2 
concentration of 100mM. According to the surface tension measurement, this result is 
attributed to the more compact packing of the adsorbed AFP III molecules on the ice/ 
INs interface for a solution of Ca(NO3)2  concentration of 10mM. At first the 
adsorption area of the AFP III molecules at the ice\ INs interface increased due to 
 117
Chapter 5 The Role of Electrolyte on Antifreeze Activity of Antifreeze Proteins 
  
their compact packing when more protein is accommodated. Subsequently it 
decreased when the AFP III molecules reached their optimum packing at a Ca(NO3)2  
concentration of 10mM.  









 DI water 
 AFP III 
 AFP III + 10 mM Ca2+




Figure 5.6 The effect of AFP III and Ca(NO3)2
  on the ice nucleation kinetics and the corresponding 
shift in the ln(τV) ~1/(T∆T 2) plot 
 
 
Table 5.3. The effect of AFP III on the interfacial effect parameter and kink kinetic energy barrier for 
the nucleation of ice 
 
Curve f m ∆(∆G≠kink/kT) add
DI Water ≠ (20 nm filter) 0.168 0.48 - 
AFP III (3mg/ml) 0.250 0.35 ↑ 17.7 
AFP III (3mg/ml) +10 mM Ca(NO3)2 0.283 0.30 ↑ 22.8 
AFP III (3mg/ml) +100 mM Ca(NO3)2 0.266 0.32 ↑ 20.9 
          ≠ DI water: Deionized water  
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Figure 5.7 Illustration of the adsorption of the AFP III molecules on the interface of ice nucleator (IN) 
and liquid and suppression of water molecules approaching the IN surface (a) without electrolyte (b) 
with electrolyte  
 
On the other hand, as shown in Table 5.3, the addition of 10 mM of Ca(NO3)2  to the AFP 
III solution raised ∆G≠’kink, whereas on the other hand, ∆G≠’kink decreased upon a 
further Ca(NO3)2  addition. This result is consistant with the trend of f, which is 
indicative of the interfacial arrangement between the ice crystalline phase and the 
foreign particles. When there are only AFP III molecules inside the solution, it is 
known that AFP III molecule will inhibit ice nucleation by adsorbing at the ice/fluid 
 119
Chapter 5 The Role of Electrolyte on Antifreeze Activity of Antifreeze Proteins 
  
interface to block the incorporation of water molecules into the kink site. As discussed 
above, in analogy with the ice \ INs interface, by forming a more compact packing 
mode at the ice\ fluid interface at a Ca(NO3)2  solution of 10 mM, the AFP III molecules 
can block the approach of the water molecules onto ice surface more effectively. 
Accordingly, ∆(∆G≠kink) increased. As more Ca(NO3)2  was added into the AFP III 
solution, the AFP III molecules may have unfolded causing ∆(∆G≠kink) to decrease. 
 (a) 
 (b) 
Figure 5.8 Illustration of adsorption of AFP III molecules on the interface between ice and liquid and 
prevention of water molecules from approaching the ice surface (a) without electrolyte (b) with 
electrolyte  
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5.4 Summary 
In summary, we have quantified here the enhanced antifreeze activity of AFP III 
during ice nucleation by adding Ca(NO3)2 . This effect may be caused by the modified 
interfacial behavior at the ice\foreign particle interface and the ice/fluid interface, 
induced by the modified interactions among AFP III molecules upon adding 
Ca(NO3)2. This work could provide a model for the study of the specific role of an 
electrolyte in ice-binding activity. This new understanding of the electrolyte effect on 
the enhanced antifreeze activity of the AFP III suggests another way for increasing 
the antifreeze efficiency of the antifreeze proteins and provides us with new insight 
into the antifreeze mechanism of antifreeze proteins.  
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In this thesis, controlled ice nucleation in a micro-sized water droplet was examined 
using a micro-droplet suspension method. This is a well-controlled method to observe 
and measure ice nucleation. Because the water present in ecological and biological 
systems is mostly of the form of micro-sized water droplets, this method may be 
applied to study ice nucleation in these systems. By using this experimental method, 
we can greatly reduce the influence of the container and the foreign dust particles on 
ice nucleation. Another feature of our experimental study which was previously 
overlooked is taking into account directly the influence of the volume on the 
nucleation kinetics. The experimental data obtained by our method have provided 
results for the quantitative interpretation of ice nucleation.  
It was found that genuine homogeneous nucleation of ice never occurs even in ultra-
clean micro-sized water droplets because of the pre-existence of minute foreign 
particles. More surprisingly, at sufficiently low supercoolings, foreign nano-particles 
exert no effect on the nucleation barrier of ice; it is as if they had physically 
“vanished.” This effect, called the “zero-sized” effect of foreign particles (or 
nucleators), leads to the entry into the so-called inverse homogeneous-like nucleation 
domain, in which nucleation is effectively suppressed. This will then cause a sharp 
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increase in the nucleation barrier at low supercoolings, which prevents the occurrence 
of nucleation in this so-called inverse homogeneous-like nucleation regime. The 
freezing temperature of water corresponds to the transition temperature from the 
inverse homogeneous-like nucleation regime to foreign particle-mediated 
heterogeneous nucleation. The freezing temperature of water is mainly determined by 
(i) the surface roughness of nucleators at large supercoolings, (ii) the interaction and 
structural match between nucleating ice and the substrate, and (iii) the size of the 
effective surface of nucleators at low supercoolings. Thus freezing promotion 
requires ice nucleators to be flat and large and have strong interactions and an optimal 
structural match with the ice nuclei, whereas antifreeze should be focused on the 
enhancement of the surface roughness of pre-existing foreign particles rather than 
other factors. Our experiments showed that the temperature of -40°C, commonly 
regarded as the temperature of homogeneous nucleation-mediated freezing, is actually 
the transition temperature from the inverse homogeneous-like nucleation regime to 
the foreign particle-mediated heterogeneous nucleation in ultra-clean water. Taking 
advantage of the inverse homogeneous-like nucleation, the interfacial tensions 
between water and ice in very pure water and antifreeze aqueous solutions were 
measured at a very high precision for the first time.  
Based on this “micro-sized ice nucleation method”, the inhibition effect of three types 
of antifreeze proteins-antifreeze protein type I (AFP I), type III (AFP III) and Spruce 
Budworm antifreeze protein on ice crystallization were examined quantitatively. It 
was found for the first time that all these antifreeze proteins can inhibit the ice 
nucleation process by adsorbing onto both the surfaces of the ice nuclei and the dust 
 123
Chapter 6 Conclusions 
  
particles. The adsorption of AFPs on foreign particles will disturb the structural 
match between the nucleating ice and the dust particles, whereas the adsorption on the 
surface of the growing ice will inhibit the integration of water molecules into the ice 
lattice. These two effects can be identified from the increase of the ice nucleation 
barrier and the desolvation kinetics barrier. In addition, we suggest that the 
amphiphilic property may be a common characteristic of AFP I, III and CfAFP-501 
and it could be one of the reasons why those proteins have a unique antifreeze 
function. This new understanding of the antifreeze mechanism of the AFP has never 
been examined before and is expected to provide us with guidelines in identifying 
new antifreeze proteins. 
Apart from this, it was found that AFP III molecules will aggregate in aqueous 
solutions at CAC due to their amphiphilic nature. This is not surprising considering 
their high hydrophobicity, as judged from the amino acid compositions. It is further 
suggested that this high hydrophobicity is a general feature of all four types of fish 
antifreeze protein (Sonnichsen et al. 1995). Since hydrophobicity is a dominant 
parameter among the various factors that may affect the surface activity of the protein 
(Magdassi et al. 1996), this may imply that aggregation in aqueous solution is a 
common characteristic of all fish antifreeze proteins. It is found that the ice nucleation 
kinetics can be modified at CAC by two effects. First, the aggregates appearing in 
solution may work as ice nucleators. Thus it is suggested that the aggregation should 
be suppressed for AFP to inhibit ice nucleation. The second effect, which is the 
dominant effect, is that more AFP III molecules will adsorb onto the surface of the ice 
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nuclei and reach their optimal packing to inhibit ice nucleation at or above CAC. In 
this way, AFP III exhibits an enhanced inhibition effect on ice nucleation at CAC.  
In addition, we notice that the electrostatic interactions between protein molecules 
can be modified by adding an electrolyte. So we monitored the antifreeze effect of 
AFP III on ice nucleation by adding Ca(NO3)2, and found that it may enhance the 
antifreeze activity of AFP III. This effect may be caused by the modified adsorption 
behavior of AFP III at the ice/foreign particle interface and the ice/fluid interface. 
Upon adsorbing Ca2+ and NO3- ions, AFP III can form a more compact packing mode 
at these interfaces due to the screened electrostatic repulsions between them. This 
work could provide a model for the study of the specific role of the electrolyte in the 
ice-binding activity. This new understanding of the electrolyte role to enhance the 
antifreeze activity of the AFP III suggests another way for increasing the antifreeze 
efficiency of the antifreeze proteins and provides us with a comprehensive 
understanding of the antifreeze mechanism of antifreeze proteins.  
In summary, the principles of freezing promotion and freezing depression in 
biological ice nucleation by means of antifreeze proteins are obtained in this thesis. 
The results provide new insights into freezing and antifreeze phenomena and bear 
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